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TOELICHTING 
Niet-ingewijden komen bij het lezen van dit proefschrift niet veel verder dan 
mijn levensloop (Curriculum Vitae), welke men doorgaans reeds kende.
 / 
Voor hen, mijn familie, vrienden en kennissen wil ik hier proberen wat meer 
achtergrondinformatie te geven. 
t!§î-l§bgratoriuni ("lab") 
In dit proefschrift zijn de belangrijkste resultaten samengevat van het onder-
zoek dat ik gedurende 4 jaar heb gedaan op de afdeling Biochemie van de Medische 
Faculteit van de Universiteit van Nijmegen (Biochemie is de scheikunde van de 
levende natuur). 
Het onderzoek is verricht in de zgn. prekliniek - dat zijn die afdelingen 
van de faculteit, waar de medische en tandheelkundige studenten het gedeelte 
van hun opleiding krijgen - dat niet rechtstreeks met de patiëntenzorg te maken 
heeft. Dit zijn veelal de basisvakken, die samenstelling en funktioneren van 
het menselijk lichaam beschrijven. Kennis hierin is natuurlijk onmisbaar om in 
de kliniek (ziekenhuis, "Radboud") te leren, hoe de zieke medemens tegemoet te 
treden en, i adi en mogelijk, te genezen is. 
In de prekliniek vindt vooral fundamenteel onderzoek plaats,dat, zoals mijn 
eigen onderzoek,vaak niet direkt toepasbaar is. Mei ligt het in de bedoeling 
hiervoor de grondslagen te leggen. 
Binnen de afdeling Biochemie bestaat een werkgroep van gemiddeld 12 medewer-
kers, die onder leiding van Prof.dr. F.J.H. Oaemen en Prof.dr. S.L. Bonting, de 
biochemie van het zien - het visuele proces - bestudeert. 
Dit onderzoek richt zich met name op de wijze waarop in ons netvlies licht-
signalen worden vertaald in elektrische prikkels, die via de zenuwen naar de 
hersenen gestuurd worden. 
Het_oog 
In hoofdstuk I (Introduction) worden in fig. 1.4.1. (p. 22) enkele details van 
het oog gegeven: een dwarsdoorsnede (A), een enorm sterke vergroting van een 
dwarsdoorsnede van het netvlies (B) en de twee typen lichtgevoelige cellen uit 
het netvlies: de staafjes (rods) en kegeltjes (cones) cellen. De lengte van een 
staafjescel bij de mens bedraagt in werkelijkheid 0.05 mm. Deze fotogevoelige 
cellen (photoreceptors) kan men vergelijken met een fotografische film. Als er 
licht opvalt, treedt er een chemische reaktie in een kleurstof op (zoals bij 
een film verkleurt er iets) met als gevolg een stroom-stootje dat doorgegeven 
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wordt aan de zenuwen, die naar de hersenen gaan. Daar staat een soort TV-scherm 
waarop de beelden verschijnen als vertaling van de stroom-stootjes. 
Er zijn in het netvlies drie soorten kegeltjes. Elke soort is gevoelig voor 
één bepaalde kleur (te vergelijken met een kleurenfilm), welke door menging van 
de drie basiskleuren alle kleuren kan produceren. De kegeltjes kunnen alleen 
bij voldoende licht werken (daglicht). Het ontbreken van èën of meer van deze 
drie soorten kegeltjes leidt tot kleurenblindheid. 
De staafjescellen bevatten slechts êén kleurstof: het rhodopsine, en hiermee 
kunnen we dus alleen zwart/wit .beelden zien. Zij zijn uiterst gevoelig en kun-
nen één enkel "deeltje" (foton) zien en funktioneren daarom vooral in schemer-
licht. Nachtblindheid betekent dat er ergens iets mis is bij deze staafjes. 
De bouw van de staafjes en kegeltjes is afgestemd op hun taak: het omzetten 
van een lichtprikkel in een zenuwprikkel. Zoals alle cellen zijn zij van de bui-
tenwereld afgeschermd via een celwand (celmembraan), die te vergelijken is met 
de buitenmuur van een huis. Alle informatie, leverantie en afgifte van stoffen 
moet dus via deze buitenmuur gebeuren. Ook hun lichtgevoelige kleurstof bevindt 
zich in de celwand. Om de gevoeligheid op te voeren, dient er veel kleurstof 
aanwezig te zijn. 
In de staafjes-fotoreceptorcellen heeft de natuur, om de gevoeligheid zo 
hoog mogelijk op te voeren, een groot aantal van die celwanden in de vorm van 
een groot aantal platte zakjes (bij de mens 1000-2000) opgestapeld. Hierdoor 
ontstaat een apart compartiment van de cel, het zgn. buitensegment (outer seg-
ment): zie fig. 1.4.1. op p. 22 en sterk vergroot nogmaals in fig. 1.4.2. op 
p. 25. 
Voor ons onderzoek hebben we nauwelijks proefdieren nodig. Er worden name-
lijk dagelijks op het Nijmeegse slachthuis "verse" runderogen gehaald (ca. 10.000 
per jaar). Hieruit kunnen wij vrij eenvoudig het netvlies verwijderen. Uit deze 
netvliezen verkrijgen we de bui tensegnenten via enkele scheidingstechnieken. De 
belangrijkste is de dichtheidscentrifugatie, waarbij een stof in een suikerop-
lossing met naar beneden toe toenemende dichtheid (soortelijk gewicht) de plaats 
opzoekt die overeenkomt met zijn eigen soortelijk gewicht. Op deze manier krij-
gen wij de intacte buitensegmenten van de staafjescellen in handen. 
!ί1ΐ§5Ϊ!3Ε_5_§!!_!2§ΐ.999 
Het zou te ver voeren hier uitvoerig in te gaan op alle werkzaamheden binnen de 
werkgroep. We bestuderen o.a. het ontstaan van het rhodopsine en de zeer bijzondere 
samenstelling van de wand van de zakjes in de bultensegmenten. Deze wand be­
staat uit een binnen- en een buitenlaag (vergelijk een binnen- en een buitenmuur) 
van vetachtige stoffen (lipiden), die meer of minder vrij kunnen bewegen in de 
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wand (de stenen van de muur blijven niet op hun plaats!!) en waartussen het rho-
dopsine zich prima thuisvoelt. 
Het rhodopsine bestaat uit een eiwit - het opsine · waaraan een stof gebonden 
is die veel lijkt op vitamine A. Vitamine A is betrokken bij vele processen in 
ons lichaam, niet alleenbij het zien, doch ook bij o.a. de voortplanting en het 
is zelfs van belang bij het bestrijden en voorkomen van kanker. Tot dusver zijn 
alleen details bekend van de manier waarop het bij het zien betrokken is. 
We krijgen vitamine A binnen via ons voedsel (vooral via wortel, tomaat, mar-
garine, lever). Het wordt in de darm opgenomen, naar de lever vervoerd en daar 
opgeslagen en - indien nodig - wordt het naar alle delen van ons lichaam getrans-
porteerd via het bloed. 
In het oog wordt het vitamine A veranderd in een iets andere stof, namelijk het 
11-cis retinal, en daar verbonden met het opsine-eiwit. Dit laatste wordt in 
het normale celgedeelte (binnensegment) gemaakt van de staafjescellen. 
Door de koppeling van 11-cis retinal en opsine ontstaat het rhodopsine, de licht-
gevoelige kleurstof van de staafjescellen. Het heeft een paarsrode kleur, welke 
bij belichting overgaat in lichtgeel. Daarbij verandert het gebogen 11-cis reti-
nal-molekuul in een gestrekte vorm, namelijk het all-trans retinal. 
Dit laatste laat uiteindelijk los van het eiwit, dat nu weer opsine heet. 
Alvorens het weer rhodopsine kan worden en licht kan invangen, moet het gestrek-
te all-trans retina! weer omgezet worden in het gebogen 11-cis retinal. Dit gaat 
waarschijnlijk via een kringloopproces, de zgn. visuele cyclus of vitamine A cy-
clus. 
In hoofdstuk I (fig. 1.1.1., p. 12) wordt een overzicht gegeven van verschillen-
de typen vitamine A-achtige stoffen. In het oog kunnen de meeste van deze stof-
fen in de gestrekte en in één of meer gebogen vormen voorkomen. Deze verschil-
lende vormen van dezelfde stof heten geometrische isomeren. 
Bij het bestuderen van de vitamine A-kringloop moeten al deze stoffen bereid 
en bepaald kunnen worden. We moeten ze dus uit hun milieu (het buitensegment) 
kunnen halen en hun vorm en hun hoeveelheid kunnen bepalen. Bij de aanvang van 
mijn onderzoek waren hiervoor geen goede en eenvoudige methoden beschikbaar. 
Het proefschrift omvat een algemene inleiding met een aantal noodzakelijke ge-
gevens over vitamine A, over het zien, en geeft een overzicht van de stand van 
zaken omtrent het onderzoek naar de vitamine A-kringloop (Hoofdstuk I, Intro-
duction). 
In hoofdstuk II wordt een overzicht gegeven van de bepalingen van vitamine 
A-achtige stoffen (retinoiden). Het omvat o.a. het resultaat van mijn samen-
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werkingsprojekt met Or. J.E. Paanakker, destijds werkzaam op de afdeling Analy-
tische Scheikunde van de Universiteit van Amsterdam. Deze afdeling is gespecia-
liseerd in het werken met een zgn. hoge druk vloeistofchromatograaf, een appa-
raat dat nog maar kort geleden ontwikkeld is. Dit apparaat bleek uitermate ge-
schikt voor het analyseren (bepalen) van onze zeer gevoelige vitamine A-achtige 
stoffen. (N.B. bijna al onze werkzaamheden moeten in een donkere kamer bij zwak 
rood licht worden verricht om overgang van de isomeren in el kaar,onder invloed 
van li cht.te voorkomen.) 
Het in rhodopsine gebonden ll-cis retinal (fig. 1.2.1., p. 15) kon op geen 
enkele wijze volledig en onveranderd uit zijn normale omgeving worden gehaald 
(geëxtraheerd worden). Door een speciale ingreep zijn wij er als eersten in ge-
slaagd de bepaling goed uit te voeren. Het stofje wordt daarvoor bij het los-
maken van het rhodopsine onmiddellijk omgezet in een andere stof: een retinal-
oxim. We moesten wel nog de eigenschappen van deze nieuwe stoffen bepalen en 
onderzoeken hoe deze waren opgebouwd. Dit is beschreven in hoofdstuk III. 
In hoofdstuk IV laten we zien dat onze methode ook opgaat bij andere kleur-
stoffen die retinal bevatten. 
De oorzaak van alle problemen rond het bepalen van retinal uit zijn natuur-
lijke omgeving blijkt te liggen in een, in zijn direkte omgeving, aanwezige 
stof. Zoals reeds eerder opgemerkt, bevindt het rhodopsine zich in een vetlaag, 
waarvan een van de belangrijkste bouwstenen de moeilijke naam fosfatidylethanol-
amine heeft. Deze stof reageert bijzonder graag met retinal. Deze reaktie heeft 
tot gevolg dat het retinal van vorm kan veranderen (isomeriseren). Dit proces 
is ook voor het kringloopproces, namelijk de omzetting van het vrijgekomen all-
trans retinal in ll-cis retinal, dat dan net opsine nieuw rhodopsine kan vor-
men, uiterst belangrijk. Over deze kringloop zijn slechts enkele gegevens bekend. 
Wij hopen dat ons model een bijdrage kan leveren om de verdere puzzle op te los-
sen. 
De resultaten van ons onderzoek zijn of worden nog in internationale vaktijd-
schriften in de loop van 1980 gepubliceerd. 
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PREFACE 
Our understanding of the visual cyc le , i . e . the vitamin A recycl ing 
system in v i s i o n , is hampered by the complexity of the vitamin A 
der ivat ives involved in th is cycle . At least three vitamin A de-
r iva t ives are p a r t i c i p a t i n g : the aldehyde, the alcohol and the 
e s t e r , probably as func t iona l , transport and storage forms respect-
i v e l y . Moreover, each compound nay ex is t in a t l eas t two stereo-
isomerie configurations (11-c is and a l l - t r a n s ) . 
The study of the ¿n vivo interconversions of these substances 
requires q u a l i t a t i v e (with respect to the geometric form) and quan-
t i t a t i v e analyt ica l approaches for a l l compounds involved. This was 
complicated since: 
- thin-layer chromatography (TLC) gives poor resolution of the iso-
mers; 
- vitamin A derivatives are susceptible to isomerization and de-
gradation, particularly during application on the TLC sheet; 
- a l l known quantitative determinations for vitamin A on TLC spots 
are more or less destructive; 
- no procedure for the quantitative stereospecific extraction of 
11-cis retinal from visual pigments existed. 
This thesis wi l l treat methodological aspects of vitamin A ana-· 
lysis, required for further studies of the visual cycle. 
In chapter 1 some general aspects of vitamin A, as well as our 
current knowledge of i ts role in vision, are presented. Specific 
transitions of the isomeric configurations are essential for the 
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mechanism of action. In view of the number of substance involved and 
their labile character with respect to isomerization and degradation, 
important details of the visual cycle are s t i l l unknown or disputed. 
In chapter 2 i t is demonstrated that HPLC (high pressure/perfor-
mance/plate liquid chromatography) allows fast , quantitative and 
non-destructive vitamin A analysis. I t also permits the isolation 
of pure compounds on a preparative scale, while the analytical 
procedure is very sensitive. 
Analysis of retinal in membrane suspensions is quite troublesome. 
The presence of free aminogroups in the membrane components leads 
to the formation of Schiff-bases, which give rise to incomplete ex-
traction and non-photic isomerization and therefore may lead to 
erroneous interpretations. These complications are avoided by hydro-
xylamine modification during denaturing extraction of the retináis. 
The conversion of retinal to retinaloxime is stereospeciflc, but 
gives rise to two isomers, a ¿yn and an aruti configuration. Since 
no analytical data were available, the characterization of these 
derivatives is described in chapter 3. 
The application of the oxime extraction procedure for several 
retinal containing pigments is demonstrated in chapter 4. 
In chapter 5 the non-photic isomerization observed in membrane 
suspensions is further investigated. I t appears to be due to the 
presence of phosphatidylethanol ami ne. Since this phospholipid is 
abundant in the rod outer segment, which is the natural environ-
ment of the 11-cis bearing visual pigment rhodopsin, this iso-
merization may present a model for the rei somerization of the 
9 
chromophore in bleached photopigment. 
The results of our experiments should permit further studies of 
the visual cycle. 
10 
CHAPTER I 
INTRODUCTION 
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INTRODUCTION 
In this chapter we l imit ourselves to a presentation of some general 
aspects of vitamin A and of our current knowledge of i ts role in the 
visual cycle. The subsequent chapters have their own specific intro­
ductions. 
1.1. НотгпсЛа&лг 
In 1909 and subsequent years nutritionists demonstrated that mice 
do not survive on extracted, lipid free diets, unless an extract 
from egg yolk is added. In 1920, Drunmond suggested that this fat 
soluble factor be called vitamin A | 1 | . Now, the name vitamin A Is 
normally used for a variety of naturally occurring compounds of the 
same basic structure (Fig. 1.1.1.)· 
- C ^ H j O H ret i nol 
M endjjroup _ C 1 5 H = 0 retinal 
- C ^ - O R 
- с15оон 
retinyl ester 
ret i noie acid 
- C1 5H=N-R Schiff-base 
F-ú}. 1.1.1. General structure of vitamin Ai (СгоНэоО, all-trans 
reti nol 3,7-dimethyl-9-(2,6,6-trimethyl-l-cyclohexen-l-
yl)-2,4,6,8-nonatetraen-l-01|, and of vitamin A 2 (СгоНгвО, 3-
dehydroretinol). 
The structure of vitamin A was elucidated in 1933 by Karrer et al 
|2|. Through synthesis, Farrer et al |3| showed that vitamin A» 
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contains an additional double bond in the ring, which is conjugated 
with the polyprenoid side chain. The basic structure has sixteen 
theoretically possible stereometric vitamin A derivatives, only 
four of which are steri cally unhindered. The relevant isomers are 
shown in Fig. 1.1.2. 
Fig. 1.1.2. Models of some important stereoisomeri с vitamin A 
derivatives, (h: hindered forms, | | end group) 
Many synthetic analogues have been produced in connection with de­
tailed structure-function relationship studies. The number of syn­
thetic derivatives greatly surpasses that of the naturally occurr­
ing compounds, as the latter are too ineffective and too toxic to 
be of practical importance in the prevention of cancer (see Section 
1.3.). Since the synthetic derivatives generally do not have any 
vitamin activity, Sporn et al |4| introduced the term retinoids, 
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which term is also used in this study. In addition, the term retinal 
is used instead of ret i nene, ret i naldehyde or vitamin A aldehyde and 
retino! is used for vitamin A alcohol. Since in ocular tissue r e t i -
nol is mainly (60%) esterified with palmitoic acid, ret i nyl pal mi tate 
is used as the representative reference ester compound in analytical 
studies and is named retinyl ester (for details see ref. 5). I f 
retinal is converted to retinaloxime, two additional isomeric com­
pounds are formed: 
H OH 
p > = N 
syn 
C = N 
R OH 
anti 
By convention, their designations луп and ante, are based upon the 
orientation of the OH group relative to the C15-hydrogen, cis and 
trans respectively. 
1.2. Chemical and phyilcal ралат&іель 
From Fig. 1.1.1. i t is obvious that the hydrophobic retinoids 
are composed of three functional units: 
- the apolar ring moiety; 
- an isoprenoid side chain; 
- a more or less polar terminal C15-group. 
The planar side-chain gives the all-trans retinoids a rather 
r i g i d , rod-like shape, which causes them to be vertically orien­
tated in a membrane and may explain their disruptive action on 
lysosomes. This property is probably also the main cause for the 
14 
toxicity of the alcohol form at high doses |4,6|. 
X-ray analysis has shown that 11-cis retinal is twisted around 
the C^-C,, bond, possibly as a result of steric hindrance |7 | . I t 
can thus have two steric conformations, 11-cis, 12-s-cis and 11-cis, 
12-s-trans, shown in Fig. 1.2.1. for retinal |8| . 
Euj. 1.2.1. 11-cis Retinal isomers. 
The apolar character of naturally occurring retinoids is demon-
strated by comparing the distribution of the tri ti urn-labe led com-
pounds between water and iso-octanol. The data shown in Table 1.2.1. 
represent our own unpublished observations. 
Table. 1.2.1. Distribution coefficients of all-trans retinoids 
between water (12.5 mM phosphate, pH 7.0) and iso 
octanol (25°) 
Retinoids 
Retinol 
Retinal 
Retinyl palmi tate 
Dis t r ibut ion Coeff ic ient 
0.0066 
0.0035 
0.0005 
S.Z. (n=3) 
0.0003 
0.0008 
0.0003 
The extremely apolar character of the retinyl ester is also demon-
strated in our exchange experiments with different liposome 
populations, which are separated on DEAE cellulose as described by 
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Wirtz and coworkers |9| . The mobility of retinyl esters is 
negligible, while retinol and retinal exchange so fast that we 
could not discriminate between them |10|. Even phosphatidyl ethanol-
amine does not affect the migration of retinal, although Schiff-
base formation occurs. 
Due to the conjugated electron system, all retinoids display 
a characteristic absorption spectrum. Differences caused by the 
isomeric configuration of the derivatives have been discussed in 
detail by Zechmeister |11 | , who also collected other physical data 
(e.g. melting points). In general, retinal and retinyl ester absorb 
maximally at 320-330 nm, retinol at 360-380 nm, Schiff-bases at 
360 nm and protonated Schiff-bases at 440 nm. 
Quantitative determination of retinoids should always be carried 
out in organic solvents or in the presence of detergent. In hetero-
geneous systems, containing phospholipid aggregates of retinoids 
forced into an aqueous environment, Lambert-Beer's law probably no 
longer applies as a result of the preference of retinoids for the 
apolar lipid phase |10|. 
In chapter 2, additional chemical and physical data of the reti-
noids are presented. 
f.3. GmeAttf. mztabotic. tuptcti 
Vitamin A is of importance for body growth |12|, growth and 
differentiation of epithelial tissue |13|, reproduction |14| and 
vision |15|. The therapeutic and prophylactic effect of retinoids 
on cancer |4,16| and the role of vitamin A in bacteriorhodopsin 
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|17,18| are matters of current in te res t . 
ß-Carotene i s the most active provitamin A and the ult imate 
source of vitamin A a c t i v i t y i n plant t issues. In animal sources, 
such as l i v e r , milk and eggs, re t i nol and re t iny l esters are the 
most prominent forms. 
Exact dai ly requirements for vitamin A are not easi ly establ ished, 
since normal food intake and metabolism are absolute requirements 
fo r optimal absorption of the vitamin |19| . In regions with under-
nourishment hypovitaminosis A i s commonly observed, even though a 
normal dai ly intake of vitamin A (2,500-5,000 I .U . ; 1 I.U. of a l l -
trans r e t i nol i s 300 ng or about 1 nmol; for ß-carotene th is is also 
about 1 nmol) is guaranteed. A more detai led discussion of th i s 
topic is offered by Fisher et al |20| . 
In the in tes t ine , re t i ny l ester and ß-carotene are converted to 
re t ino l via r e t i n a l , followed by absorption of r e t i n o l . In the i n -
tes t ina l mucosa, re t ino l is ester i f i ed mainly to the palmi tate and 
stéarate. The re t iny l esters are transported in chylomicrons via 
the in tes t ina l lymphatics to the l i v e r , which acts as the central 
vitamin A store. In the l i v e r , chylomicron re t iny l esters are 
hydrolysed, followed by intra-hepat ic re-ester i f i cation and storage 
of the esters in o i l y l i p i d droplets. 
The ef fects of vitamin A imbalance (Table 1.3.1.) vary with 
species, sex, age and even environment | 2 1 | . In man night blindness, 
caused by pre- and postnatal vitamin A def ic iency, may f i n a l l y re-
su l t in permanent degeneration of the eye |22 | . 
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Table. 1.3.1. General consequences of vitamin A imbalance 
Site 
General 
Skin and mucous 
membranes 
Skeletal tissues 
and bones 
Reproductive 
system 
Nervous system 
Hypovitaminosis A 
Growth retardation; 
susceptibility to 
infection; death 
Xerosis1; keratinizing 
metaplasia; Xeroph-
thalmia2; keratomalacia3 
Cancellous structure'*; 
defective remodelling 
Degeneration of testes, 
gonodal resorption, 
congenti al malformation 
Compression by bone, 
increased cerebrospinal 
pressure, atrophy and 
ataxia5 
Hypervitaminosis A 
Malaise; lethargy; 
deposition of caroten-
oids; death 
Mucous cell formation, 
desquamation6 
Decalcification, frac-
tures, early epiphyseal 
closure; cortical 
thickening 
Resorption, congenital 
malformation 
Elevated intracranial 
pressure 
From Fisher et al |20|. 
abnormal dryness 
2dryness of the conjunctive and cornea; 
'cornea defect; 
"spongy tissues of bones; 
5failure of muscular coordination; 
6shedding of epithelial elements in scales or small sheets. 
Specific reti nol binding proteins (RBP) are involved in the mobil-
ization of vitamin A from oily droplets, in its transport to target 
tissues and in its cellular absorption. The total vitamin A demand 
of the body seems to regulate the mobilization of retinyl esters as 
well as the secretion of RBP, since the retinol-RBP complex appears 
to be the main supply for RBP. 
Harrison et al |23| have recently described a retinyl palmitate 
hydrolase, which probably hydrolyses the stored retinylester as the 
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f i r s t step of the mobil izat ion mechanism. The enzyme shows an un-
usual subcel lular d i s t r i b u t i o n , since about 40% of to ta l a c t i v i t y 
is recovered in the 1,500 g pe l l e t , about 30% in the 105,000 g 
supernatant, 20% in the mitochondrial-lysosomal»fraction and 10% 
in a microsomal f r ac t i on . The a c t i v i t y is not local ized in pur i f ied 
subcel lular structures and requires speci f ic detergents (chelate 
and taurocholate) for s t imulat ion. Since in these ¿η w-òtto experi-
ments re t iny l palmitate is added to the incubation medium in a 
small volume of ethanol, the requirement of detergent for act ivat ion 
is quite understandable and f i t s i n with the immobile character of 
the re t iny l ester. I t should be noted, however, that sodium dodecyl 
sulphate (SDS), Tween 20 or 80, Lubrol WX, B r i j 35 and Tr i ton X-100 
are ine f fec t i ve . 
Once released, r e t i nol is combined to RBP in a 1:1 molar r a t i o 
and i s subsequently secreted from the l i v e r . Since the in tac t holo-
p ro te in , r e t i no!-RBP, is the main form in which RBP is secreted 
from the l i v e r , there must be a corre lat ion between vitamin A a c t i -
vation and RBP synthesis. 
The primary structure of human RBP has recently been elucidated 
by Rask et al |24 | . The protein (21,000 daltons) consists of 182 
aminoacids with glutamine and the N-terminal end and leucine at the 
C-terminal end. More detai led information may now be come available 
about the molecular interact ions of RBP with r e t i no i , pre-albumi η 
and cel l-surface receptors, and about the t e r t i a r y structure of the 
apo- and holoproteins. The s t e r i с arrangement of the tryptophan 
residues may be i n t e r e s t i n g , since i t i s believed that during f o r -
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mati on of the holoproteiñ energy is transferred to the ligand from 
excited tryptophanyl residues |25 | . These residues are located at 
posit ions 24, 67, 91 and 105 from the N-terminus. 
The apparent dissociat ion constants fo r a l l - t rans re t ino l are 
1.9x10" and 1.5x10" for human and chicken RBP, respect ively. The 
protein binds ret ino le acid and re t iny l acetate with about the same 
a f f i n i t y , but has hardly any a f f i n i t y for re t iny l palmitate |26 | . 
Once released to the plasma, retinol-RBP forms a complex with 
the pre-albumi η which s p e c i f i c a l l y binds thyrox in, and i t i s then 
transported to the target tissues |27|. The complex with pre-albu-
min, a protein with molecular weight of about 50,000, s tab i l i zes 
the holo-RBP and the increased molecular weight of the complex also 
prevents i t s loss by glomerular f i l t r a t i o n in the kidney |28|. 
In the eye, brain and small i n t e s t i n e , specif ic receptors on the 
c e l l surface are probably involved i n the uptake of vitamin A from 
plasma |29,30,31,32|. These receptors recognize only the holo-RBP 
complex, since neither free r e t i n o l nor the 70,000 pre-albumin com­
plex i s absorbed. The receptors have been studied in greatest deta i l 
in the r e t i n a l pigment epithelium ( f o r deta i ls see Section 1.5.). 
Besides the plasma RBP, i n t r a c e l l u l a r r e t i n o l and r e t i n o l e acid 
binding proteins (CRBP and CRABP, respectively) are known in rabbit 
|33|, r a t |34|, human |35| and other species |36|. These proteins 
d i f f e r from the plasma RBP with respect to molecular weight, ami no-
acid composition and ligand binding properties |36,37|. Heller and 
Bok 1381 have reported the involvement of high molecular weight 
l ipoproteins as i n t r a c e l l u l a r carr iers in pigment epithelium 
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and rod outer segments of bovine eyes. A l l other authors report a 
soluble low molecular weight protein (14,600-17,500), which has been 
characterized in deta i l by Ong and Chyti l |37,39|. They have p u r i ­
f i e d the protein from rat l i v e r and show that i t consists of one 
polypeptide uni t with a molecular weight of 14,600. The protein 
-8 binds r e t i n o l with an apparent dissociat ion constant of 1.6x10 M. 
Information about the binding s p e c i f i c i t y has been obtained by 
studying the i n h i b i t i o n of a l l - t rans H-retinol binding to the pro­
t e i n from rat testes and rabbit lung. I t i s remarkable that the 
a b i l i t y of cis isomers to stimulate growth para l le ls t h e i r a b i l i t y 
to i n h i b i t r e t i n o l binding (Table 1.3.2.), suggesting a corre lat ion 
between biological a c t i v i t y and CRBP i n t e r a c t i o n , 
Table. 1.3.2. I n h i b i t i o n of binding of a l l - t r a n s - H-retinol to 
protein by vitamin A active compounds, compared 
to t h e i r b io logical a c t i v i t y 
Compound 
Al l - t rans r e t i n o l 
13-cis r e t i n o l 
9-cis r e t i n o l 
9,13-dicis r e t i n o l 
a-ret i noi ( r ing double 
bond at Сц) 
3-dehydroretinol 
Rat 
testes 
% 
100 
95 
51 
64 
100 
100 
Rabbit 
lung 
% 
100 
92 
66 
62 
100 
100 
Relative ¿n vivo b io-
logical a c t i v i t y ( ra t ) 
% 
100 
75» 
22* 
24* 
2* 
40° 
Data from Ong and Chyti l | 39 | , Ames et al |40|* and Shantz and 
Brinkman |41[0 
Ret ina l , re t ino ic ac id , re t iny l acetate and re t i ny l palmi tate do 
not show aiiy competition with r e t i n o l , indicat ing an absolute re-
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¥¿g. 1.4.1. Morphological aspects of the vertebrate visual system. 
Cross section of the eye (A), an electron microscopic 
picture showing a cross section of the retina with adjacent pig-
ment epithelium and the choroid (B), and a schematic representation 
of the two photorecoptor cells, the rod and the cone cell in 
connection with the pigment epithelium (C). Note that the arrow 
in picture С gives the direction of the incident light. 
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qui renient for the alcohol group. However, all these compounds are 
biologically active, since ¿n vivo retinal can be reduced to the 
corresponding alcohol and ¿n vivo hydrolysis of the esters also re-
sults in the formation of retinol. For retinole acid, which can be 
transported by plasma RBP, there also exists a specific intracellu-
lar binding protein. 
From Table 1.3.2. it is obvious that ring modifications do not 
affect the binding characteristics. The biological activity of a-
retinol is limited by the blocked release of a-retinol from the 
liver to the transport system. 
The molecular mode of action of vitamin A is clear only in the 
case of the visual process. However, recent publications strongly 
suggest that in the other effects of vitamin A, retinol and reti noi с 
acid binding proteins play a crucial role |42,43|. These proteins 
allow specific interaction of retinoids with the cellular nucleus 
¿n vWio, whereas no specific binding sites could be detected for 
the free retinoids. 
/.4. Thz v-i&uaZ iyitem 
The salient morphological aspects of the vertebrate visual 
system are presented in Fig. 1.4.1. The lens focuses the light on 
the retina at the inside of the rear wall of the eye cup 
(Fig. 1.4.1.a). The retina contains two types of photosensitive 
cells, rods and cones (Fig. 1.4.1.С), linked through the bipolar 
cells to the ganglion cells, which conduct the signal to the brain. 
The cones are mainly concentrated in the fovea and function in 
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normal daylight. They are responsible for color vision and therefore 
contain one of three different pigments, which cover the entire 
visible spectrum. 
The rods, which in most vertebrates greatly outnumber the cones, 
operate only in twilight, and can be excited by a single photon. 
Both cell types consist of an inner segment, which contains the 
normal cell machinery, and an outer segment, which is the elongated 
light-converting part. The rod and cone outer segments are overlaid 
by an adjacent cell layer, the pigment epithelium. 
The outer segments of cones and rods consist mostly of parallel 
layers of infolded plasma membrane (Fig. 1.4.2.). In rods the mem-
brane invagination is open only at the bottom end and is closed in 
the rest of the outer segment, which results in a pile of free 
floating disks. In cones the invagination persists over the entire 
length of the outer segment. Since the bulk isolation of cones is 
very difficult, most biochemical studies have dealt with the rod 
system only. 
Rod outer segments can easily be removed from isolated retinae, 
because the connecting cilium breaks upon shaking or mild homo-
genization in a buffer solution. Due to the predominantly lipid 
character of the outer segment (60% on dry weight basis), it has 
a low density (1.08-1.10). Further purification of rod outer seg-
ments can, therefore, be performed by density gradient centrifu-
gation, as recently discussed by De Grip et al |45|. 
The single visual pigment of rod outer segments, rhodopsin, is 
an intrinsic membrane protein consisting of an apoprotein, called 
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F-tí]. 1.4.2. Schematic representation of rod and cone outer segment. 
From Young |44|. 
opsin, and a chromophoric group, U-cis retinal. Opsin (38,000 
daltons) contains two sugar moieties, which appear to be located 
at the intradiscal wide of the disk membrane І46І. It has been 
demonstrated that in native rhodopsin the chomophore is connected 
by a protonated Schiff-base to an ε-aminogroup of a specific lysine 
residue |47,48,49|. 
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Due to the specific interactions of 11-cis retinal and opsin, 
native rhodopsin has a characteristic absorption spectrum 
(Fig. 1.4.3., solid line). 
500 600 
Wavelength (nm) 
F-tg. 1.4.3. Absorption spectrum of rod outer segment membranes 
solubilized in 1% Ammonix-LO, before (solid line) and 
after (dashed line) illumination in the presence of hydroxylamine. 
The latter substance converts free retinal to retinal oxime, which 
has no residual absorbance at 500 nm. 
The α-band at 500 nm and the ß-band at 340 nm derive from chromo-
phore-opsin interactions, the γ-band (278 nm) is specific for all 
proteins containing aromatic residues. The difference in absorption 
at 500 nm before and after illumination permits calculation of the 
molecular concentration of rhodopsin, using a molar extinction 
coefficient, e M = 40,000 |46|. The α-band is also a parameter for 
the structural integrity of the chromophoric center. 
As demonstrated in Fig. 1.4.3., illumination of rhodopsin re­
sults in the disruption of the specific protein-chromophore inter­
action with the release of free retinal. The correlation between 
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light perception and rhodopsin has been unambiguously demonstrated 
by several authors, who have shown that the 500 nm band of rhodopsin 
corresponds exactly with the spectral sensitivity curve of the human 
rod system |50,51,52]. 
So rhodopsin plays a crucial role in vision and several aspects 
of rhodopsin, a major protein component of the rod outer segment, 
have been studied in detail. 
Upon incubation of opsin with 11-cis retinal, rhodopsin is rapid­
ly regenerated. Such regeneration studies have demonstrated that 
11-cis retinal fits optimally in the chomophoric center of opsin 
|53,54|. The 9-cis isomer of retinal also forms a stable photo-
pigment (isorhodopsin), which shows a less pronounced bathochromic 
shift (λ = 486 nm). No pigment is formed by 13-cis and all-trans 
retinal, neither do these compounds interfere with the regeneration 
of rhodopsin from opsin and 11-cis retinal |54|. 
A cascade of reactions takes place after illumination of native 
rhodopsin, starting with cis-trans isomerization of the chromophore, 
followed by fast transformation of a series of spectrally detectable 
photointermediates, finally resulting in the release of the chromo­
phore from opsin. Details of this mechanism, as well as the study 
of specific lipid/rhodopsin interactions are described by Van 
Breugel |55|. 
1.5. The vliual сусіг 
The rod outer segment is a dynamic system, since there is a 
continuous assembly of new disc material at its base, whereas at 
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its apical end packages of disks are shed and phagocytized by 
enzymes of the pigment epithelium. Pulse-labeling studies using 
amino acid precursors for rhodopsin demonstrate that the label 
is first concentrated at the top of the inner segment, where new 
protein is formed. Much of the labeled material moves through the 
cilium and accumulates in a disk-like band at the base of the outer 
segment and gradually moves to apical end of the rod. Details of 
these studies have been reviewed by Young |56|. 
These observations imply that there is a daily requirement for 
11-cis retinal at the base of the outer segment or in the inner 
segment, since it not yet clear where the chromophore is incorpo-
rated. On the other hand, in the pigment epithelium 11-cis retinal 
is added to the total chromophore pool of the eye. 
The retain visual sensitivity, continuous regeneration of 
bleached rhodopsin must take place. In v-ttto this can be accomplish-
ed by adding 11-cis retinal to opsin; ¿n w-ivo the situation is 
still unclear, although this final step must be the same. This im-
plies that somewhere in the visual cycle all-trans retinoid must 
be rei someri zed to the 11-cis form. In man, rhodopsin regeneration 
follows an exponential curve with a half time of about 4 minutes 
and is complete in ¿bout 30 to 60 minutes. |57| 
There are two different particulate reti nol-dehydrogenases 
present in the eye, one in the pigment epithelium which shows 
preference for 11-cis retinol and 11-cis retinal, and NAD(H) as a 
cofactor, another associated with the photoreceptor membrane with 
preference for the all-trans isomers and NADP(H). Since other reti-
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noid converting enzymes are absent in the outer segment, Lion et al 
|58| collected their results in a modified form (Fig. 1.5.1.) of 
the visual cycle, first proposed by Wald |59|. 
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Tig. 7.5.J. Schematic representation of the modified Wald-cycle for 
vitamin A compounds in the rod visual system. Abbrevia­
tions used: R-al: retinal; R-ol: retinoli at: all-trans. 
From Lion et al |58|. 
In his thesis. Lion has also reviewed the developments with respect 
to the rod visual cycle until 1976 |59|. Besides the already men­
tioned retino!dehydrogenase activity, the only other retinoid con-
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vert ing enzyme in the pigment epithelium detected by Krinsky |60| 
and fur ther characterized by Andrews and Futterman | 6 l | , es te r i f ies 
re t ino l to ret inylpalmi t a t e , stéarate or oleate. So far the resul ts 
presented here f i t for a l l vertebrate rod visual systems. 
In a detai led study of the d is t r ibu t ion of 11-cis and a l l - t rans 
isomers of re t ino l and re t iny lester in frog eyes during l i g h t - and 
dark-adaptation, Bridges (1970) has confirmed, as previously found 
by Oowling (1960), that during l ight-adaptat ion a l l - t rans re t ino l 
is formed, is transported to the pigment epithelium and accumulates 
as the a l l - t r ans re t i ny l ester i n o i l -d rop le ts which represent about 
BOX of the to ta l vitamin A store. He concludes that re t iny lesters 
are transported from the pigment epithelium to the outer segment, 
and are isomerized to l l - c i s re t iny les ter or hydrolysed to a l l - t rans 
re t ino l i f there is no demand for 11-cis r e t i n o l . Whereas the a l l -
trans re t ino l migrates back to the pigment epithel ium, the 11-cis 
re t iny l ester is hydrolysed and the 11-cis re t ino l is converted to 
11-cis re t ina l by a r e t i nol dehydrogenase, d i f fe ren t from the a l -
ready mentioned a l l - t rans re t ino l speci f ic RDH from ROS. I f there 
is no requirement for 11-cis r e t i n a l , 11-cis re t ino l is added to 
the pigment epithelium re t ino id pool , to account fo r the observed 
r ise in 11-cis content of the re t iny l ester pool during dark-
adaptation. 
In a fur ther stucfy Bridges has demonstrated that iiagmznted f rog 
outer segments regenerate in 1.5 hrs fo r 75%, when equimolar amounts 
of opsin and 11-cis re t ina l are present, and fo r 1005S when the 
amount of 11-cis re t ina l is t r i p l e d . In the context of our study 
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(Chapter 5) it is interesting to note that at pH 9.0 the re-
generation after 2.5 hrs was only 55% of that at pH 7.4. Bridges 
did not show kinetic data, but suggests that Schiff base formation 
takes place with the excess of amino groups which become available 
under alkaline conditions. 
When he uses ¿ntacX. rod outer segments, which are still attached 
to the retina, 120-fold excess of 11-cis retinal is needed to re-
generate 80% of the opsin. 
At pH 7, fragmented outer segments regenerate opsin, when they 
are supplied with 11-cis reti nol and NAD or NADP+. The latter co-
factor is about twice as active as the former. The enzyme which 
converts 11-cis retinol to 11-cis retinal can also convert the 9-cis 
isomer. In all systems, intact outer segments show a markedly 
reduced regeneration capacity. 
In the same study, Bridges demonstrates a coupling between the 
all-trans retinal reduction and 11-cis retinol oxidation. The 
utilization of 11-cis retinol, supplied by liposomes (more than 
6.000 molar excess of vitamin A compared to opsin), is also demon-
strated by Yoshikami and Noll for isolated frog retina |65|. When 
equal amounts of 11-cis retinol and 11-cis retinal are supplied, 
the former reacts much faster than the latter. Even one-third less 
11-cis retinol still reacts faster, which demonstrates that the 
oxidizing system is very close to the chromophoric center. 
In none of the studies of the visual cycle, attention has been 
paid to vitamin A (retinoid) binding proteins. As already mentioned 
in section 1.3., specific receptors for the all-trans retinol-RBP 
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complex are local ized on the basal plasma membrane of pigment ep i­
thelium. I t is not yet clear whether t h i s receptor also functions 
as a c a r r i e r for r e t i nol to the i n t e r i o r of the pigment epithelium 
c e l l . Maraini et al |6б| have extracted a protein from the plasma 
membrane of pigment epithel ium, which is d i f f e r e n t from plasma RBP; 
i t has an apparent molecular weight of about 14,500. 
In the cytosol f r a c t i o n of the pigment epithelium low molecular 
weight (17,000) r e t i nol-binding protein is reported by Wiggert et 
al |67| and high molecular weight (1.5x10 ) lipoglycopro'teins by 
Heller |68|. 
Futterman and Saari have studied bovine r e t i n a , including the 
rod inner segments as well as the rest of the r e t i n a . Besides 
binding proteins f o r r e t i n o l and retinone a c i d , they have demon­
strated an 11-cis r e t i n a l binding protein |36,69,70|. The l a t t e r 
d i f f e r s from the other low molecular weight proteins (17,500), i n 
that i t has an apparent molecular weight of about 50,000, and does 
not bind r e t i n o l or r e t i n o l e acid. As compared to 11-cis r e t i n a l , 
9-cis was bound f o r 78%, 13-cis f o r 63% and a l l - t r a n s for 15%. 
The ret ina l-b inding protein has no dehydrogenase a c t i v i t y i t s e l f , 
but was able to supply r e t i n a l to l i v e r alcohol dehydrogenase. 
These observations may require modif icat ion of the visual cycle 
as presented in Fig. 1.5.2. 
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CHAPTER II 
ANALYSIS OF GEOMETRICALLY ISOMERIC 
VITAMIN A COMPOUNDS 
From: Methods in Enzymology, Vol. 67 Part F 
(eds. D.B. McCormick and L.D. Wright) 
Acad. Press, New York, 1980, 
pp. 203-220, with permission 
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[27] Analysis of Geometrically Isomeric Vitamin A 
Compounds 
By G. W. T. GROENENDIJK. P. A. A. JANSEN, S. L. BONTING. 
and F. J. M. DAEMEN 
I. Introduction 
Geometric isomers of vitamin A compounds play an essential role in 
the visual process. Both the 11-е« and all-trans configurations of vitamin 
A aldehyde (retinal, retinaldehyde). vitamin A alcohol (retinol), and vita­
min A ester (retinyl ester) have been shown to occur in the visual cycle.1 
In view of the number of substances involved, it is not surprising that 
important details of this cycle are still unknown or in dispute.2,3 Since the 
excellent review of Hubbard, Brown, and Bownds on the methodology of 
vitamin A compounds in a previous volume of this series,4 some relatively 
new analytical methods have been introduced in this field. We shall dis­
cuss. in this order: thin-layer chromatography, high pressure liquid 
chromatography, and the preparation of vitamin A samples for analysis. 
after their extraction from animal tissues. 
1
 G. Wald. SriciK'i· 162, 230 ( 1968). 
!
 F. Lion. J. P. Rotmans. F. J. M. Daemen. and S. L. Bonting. Biochim. Biophys. At lu 3IU. 
28? (1975). 
3
 С. D. В. Bridge«.. Елр. Eye Urs. 24. 283 119""). 
ц
 R. Hubbard. P. К. Brown, and D. Bownds. this series. Vol. I8C. p. 615. 
lop\nghl f I'tM) Ь\ AuJcniK Pres·. ItK 
MtTHUDSIS І - М ^ М О І Л К Л Vi l i >._ Ml niitllv ut nprudibliim in dm U.rnl rcwiAcJ 
IbBN H-C-lblW-l 
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oll -trans- Retinal 
1 I ftv 
Retinal (isomeric mixture) 
- 1 preparative 
JTLC/T"' '· HPLC 
NH2OH 
Retinal опте 
2 HPLC 
Retinyl ester ' syn- onti-Re\\na\ o»ime 
FIG. 1. Schematic presentation of the preparation of the various vitamin Λ compounds. 
Numbers refer to description of the various steps in the text. 
II. Reference Compounds 
In the chromatographic analysis of vitamin A compounds, the use of 
authentic reference compounds is almost always necessary. Since only a 
few of them are commercially available,5 this section presents methods to 
obtain pure geometric isomers, as summarized in Fig. 1. MX-trans-retinal 
is the most convenient starting material. 
1. A mixture of retinal isomers is prepared by intense illumination of 
all-/ra/jj-retinal.4 
2. From this mixture, the pure retinal isomers can be isolated, either 
by preparative TLC (see Section III.D) or, preferably, by HPLC (see 
Section IV.D). Older methods for the isolation of 11-е«- and 13-c/'i-retinal 
from an isomeric mixture have used chromatography on AtOj or frac­
tionated crystallization.4 
3. The reduction of retinal toretinol with metal borohydrides has been 
well described.4-6 The stereoisomeric configuration is retained during this 
procedure. 
4. Retinyl esters (e.g., retinyl palmitate) can be prepared as follows: 5 
μ mol of a retinol isomer are solubilized in 500 μ\ of toluene and 5 μΐ (60 
Mmol) of pure, freshly redistilled pyridine are added, followed by 5.5 μ mol 
of palmitoyl chloride. The mixture is allowed to stand for 15 min at 20°. 
The reaction must be carried out under anhydrous conditions. Removal of 
the excess pyridine and palmitoyl chloride is most easily carried out by 
thick-layer chromatography (PLC-plates, Silica 60, Merck) with 
s
 All-trans and Ι3</> retinal, and ai\-trans retino! are available from Eastman Organic 
Chemicals; all-/ronv retinyl palmitate from Sigma Chemical Company. 
" C. D. B. Bridges. Exp E\c Res. 22. 435 (І97Ы. 
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cyclohexane/tolueneelhyl acetate (5/3/2 by volume) as eluent. The retinyl 
ester is localized b> viewing under very weak UV light. The fluorescent 
spot is scraped off, and the collected adsorbent is extracted with acetone. 
The yield is nearly quantitative, and the stereoisomeric configuration of 
the product is usually unchanged. If traces of other isomers are found to 
be present, purification can be carried out by HPLC, using a LiChrosorb 
Si 60-5 column (e.g., 250 χ 9 mm) with hexane/dioxane (1000:1: v/v) as 
the eluent. 
5. Retinal oxime is prepared by adding a 50- to 100-fold molar excess 
of hydroxylamine bicarbonate (pH 6.5) in 70% methanol to the pure reti­
nal isomer. Extraction with dichloromethane yields the oxime in 100% 
yield. The syn- and лнгі-isomers are isolated by preparative HPLC (see 
Section IV.D). 
Ш. Thin-Layer Chromatography 
A. General 
To obtain reasonably reproducible results, all precautions normally 
observed in thin-layer chromatography (constant temperature, avoidance 
of drafts, saturated chambers) are essential.7 Eluent mixtures should be 
prepared freshly in view of the different volatilities of the component 
solvents. To prevent degradation reactions, all manipulations, including 
chromatography itself, should be carried out in an inert atmosphere 
(oxygen-free nitrogen or argon). Finally, short wavelength light (λ < 550 
nm) must be avoided in order to prevent photoisomerization reactions. 
Normal dark-room red light can conveniently be used. 
B. Materials 
Silica gel is almost exclusively used for thin-layer chromatography of 
vitamin A compounds. Its quality and origin do not seem to be very 
critical. Activation of the plates by heating to 120s or pretreatment with 
organic solvents rarely results in enhanced resolution. In our experience 
absolute reproducibility of Rf values is very difficult to obtain with differ­
ent batches of silica gel. Therefore, the use of authentic reference com­
pounds is always necessary. Recently, so-called HPTLC (high perfor­
mance thin-layer chromatography) plates have become commercially 
available, in which the diameter of the silica grains has been reduced to 
7
 E. Stahl. "Thin-Layer Chromatography." Springer-Veriag, Berlin and New York: and 
Academic Press. Neu York. 1969. 
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TABLE I 
DF.TFCIION оь VITAMIN A COMPOUNDS AFTER THIS-LA^ER CHROMATOGRAPH^ 
Characteristic Retinol Retinal Retinal oxime Retinyl ester 
Color 
UV fluorescence 
Carr-Price reagent 
Trifluoroacetic acid 
Trichloroacetic acid 
— 
Yellow ( + + ) 
Blue 
Green-blue 
Blue-green 
Yellow 
Absorbs 
Blue-green 
Yellow 
Brownish 
Pale yellow 
Orange ( + ) 
Orange-brown 
Orange 
Reddish 
— 
Yellow 1 + -^ ) 
Blue 
Green-blue 
Blue-green 
about 5 μτη. In our hands, their main advantage is that the detection limit 
is reduced by a factor of four, as compared to the conventional plates, to 
about 0.15 Mg (approximately 0.S nmol). In addition, their developing time 
is shortened to only 15 min. 
Apolar solvent mixtures should be used for development. A low-
boiling alkane [hexane, petroleum ether (b.p. 30-60°). cyclohexane] is 
invariably the main component, to which variable amounts of slightly 
more polar solvents like diethyl ether,""12 2-octanone,e or ethyl acetate are 
added. High purity of the solvents is essential where oxidizing contamina­
tion is conceivable. 
С Detection Methods 
Standard lipid-spraying reagents,13 like iodine vapor or charring with 
strong acids, may be used for the detection of vitamin A compounds 
following development. More specific detection methods include the very 
intense colors of retináis and their oximes, the fluorescence under UV 
light of retinols and retinyl esters and spraying with Carr-Price reagent, a 
saturated solution of antimony trichloride in chloroform. Recently other 
Lewis acids, such as trifluoroacetic acid (TFA) and trichloroacetic acid 
(TCA), have been recommended with dichloromethane as solvent, since 
they produce more stable colors, are less sensitive to moisture, and are 
safer.14 More detailed characteristics of these methods are collected in 
Table I. 
" J. P. Rotmans. S. L. Homing, and F. J. M. Daemen. Vision Re·,. 12, 337 ( 1972». 
" S. Fuuerman and M. H. Rollins. J. Biol. Chem. 248. 7773 (1973). 
"' A. Futterman and S. Futterman. Bioclwn. Bioph\.\. Acta 337. 390 ( 1974). 
11
 W. F. Zimmeiman. Vision Res. 14, 795 (1974). 
" D. Oesterhelt. M. Muntzen. and L. Schuhmann. Eur. J. Bioihem. 40. 453 11973). 
" V. P. Skipski. this series. Vol. 25, p. 396. 
14
 G. B. Subramanyan and D. B. Parrish.7. Assoc. Off. Anal. Clwm. 59. 1125 (1976). 
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TABLE II 
R E P R E S E S T A T I V E /f, м UES O F G E O M E T R I C ISOMERS O F VITAMIN A C O M P O U N D S 
Retinol 
All-mmv 
9<(5 
ІЭ-m 
ll-r» 
Retinal 
АП-trans 
9-cis 
1 l-C/5 
13-Γ/4 
Retinal oxime 
AII-fro/15 
9<іч 
Ич-и 
iì-cis 
Retinyl ester 
Ali-trans 
ІІч-іЧ 
Hexane/elher 
92/8 
0.09 
— 
— 
0.12 
0.27 
— 
0.47 
— 
— 
— 
— 
— 
0.88 
0.88 
Hexane/ether 
50'50 
0.14 
0.17 
0.23 
0.28 
0.47 
0.52 
0.58 
0.60 
— 
— 
— 
— 
>0.90 
>0.90 
Cyclohexane'toluene/ethyl 
acetate $0'30'20 v/v/v 
ami 
0.21 
0.2? 
0.27 
0.33 
0.21 
0.23 
0.28 
0.28 
0.46 
0.50 
0.53 
0.55 
0.70 
0.70 
syn 
0.45 
0.40 
0.47 
0.39 
D. Summary· of Rf Values 
In all systems used so far, the retinols move slower than the retináis, 
whereas the retinyl esters move relatively close to the solvent front, even 
in almost pure hexane.11 With increasing polarity of the elution solvent 
(e.g., more diethyl ether), the mobility of all vitamin A compounds in-
creases. Representative Rf values of geometric isomers of vitamin A com-
pounds are collected in Table II. 
The data presented in Table II indicate that the common geometric 
isomers of the vitamin A compounds can in principle be separated by 
thin-layer chromatography. In general, the method works satisfactorily 
when a single geometric isomer is to be identified. However, with retinyl 
esters and with ll-r/s- and 13-ci5-retinal, no reliable separation seems 
possible. In the latter case, modification with hydroxylamine to retinal 
oximes appeared to facilitate their identification,12,13 since each isomer 
gives two spots, a syn- and an я/ifi-form, with characteristic Rf values. 
Meanwhile, we have Shown by means of NMR spectroscopy that the 
slower moving spots represent the wirt'-isomers.18 
' L. Y. Jan. іііия Res. 15, 1081 (1975). 
' G. W. T. Groenendük. W. J. de Grip, and F. J. M. Daemen. Anal. Biochem.. submitted. 
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TABLE 111 
ABSORPTION PROPERTIES OF STEREOISOMERS o r VITAMIN A COMPOUNDS IN H E W N F 
Compound 
Rctmyl estei" 
аІІ-ггллт 
II-civ 
9ч-іЧ 
13<іЧ 
Retinol* 
all-íraní 
ІІ-гіЧ 
9ч-іі 
ìì-cis 
Retinal* 
aU-lrans 
II -cis 
9-гк 
ІЗч-ít 
Retinal oxime 
aìUrans (syn) 
a\\-irans (anti) 
ll-ruU.vnr 
Il-cu (αηίίΤ 
X
ma
,(nm) 
326 
318 
322 
328 
325 
318 
322 
328 
368 
365 
363 
363 
357 
361 
347 
351 
t
v
(M cm-1) 
— 
— 
— 
— 
51.800 
34.300 
42.200 
48.500 
48.900 
26.400 
39.500 
38.800 
55.500 
51,700 
35.900 
30,000 
tiai-imi 
— 
— 
— 
— 
fo.l 
49.500 
34.000 
41,900 
44,700 
— 
— 
— 
— 
.«IVI 
52,500 
48.900 
35.700 
30.000 
*ш. 
— 
— 
— 
— 
— 
— 
— 
— 
46.700 
26,000 
39.000 
38,200 
54.900 
51.600 
35.000 
29.600 
" Acetate and ρ aimitale, partly from С. D. В. Bridges. Κτρ. Eye Res. 22, 435 (1976): 
absorbance data in hexane are not accurately known, but presumably are ver) 
similar to those of the corresponding retinols. 
» Partly (calculated) from R. Hubbard, J. Am. Chem. Soc. 78, 4662 (1956). 
r
 Not yet obtained in a crystalline form; therefore, absorption data are not definitive. 
Although in a single case even quantitative determination of individual 
retináis has been achieved after their elution from the plates with pure 
diethyl ether or ethanol ,β· Ι ϋ most investigators find thin-layer chromatog­
raphy to be of limited value with more complex mixtures. For complete 
separation and quantitative estimation of individual isomers, high pres­
sure liquid chromatography offers better possibilities, as will be shown in 
the next section. 
IV. High Pressure Liquid Chromatography 
A. General 
In the last few years, high pressure (performance) liquid chromatog­
raphy (HPLC) has rapidly become a very useful technique in vitamin A 
analysis. HPLC offers a very sensitive means for fast, nondestructive, and 
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quantitative analysis, which permits separation of all geometric isomers of 
the various classes of vitamin A compounds mentioned before. The gen-
eral aspects of HPLC are adequately dealt with in a recent monograph.17 
All precautions mentioned in the preceding section to prevent degradation 
and isomerization of the vitamin A compounds should always be 
observed. 
Under optimal conditions, quantitative analysis of vitamin A com-
pounds is possible down to the picomole scale, whereas isolation of up to 
micromoles can be achieved on preparative columns. 
B. Instrumental Aspects 
A variety of suitable instruments is available from several manufactur-
ers."* We have used, both for analytical and preparative purposes, either a 
DuPont Model 830 Liquid Chromatograph or an Orlitta Pump (DMP AE 
10-4-4). Both were equipped with Valco injection valves (CV 6-UHPA). 
Alternatively, for analytical purposes only, a Varían 8500 Chromatograph 
with a septumless injector has been used. 
Detection is most conveniently accomplished by continuous spec-
trophotometric analysis of the eluent at the absorbance maxima of the 
respective compounds (Table III: see also ref. 4). With complex mixtures. 
the retino! isomers can be determined at 320 nm, the retináis at 360 nm. 
and retinal oximes either at 350 or 360 nm (Table III). The spec-
trophotometers (Zeiss PM-2D or Pye Unicam LC3UV) were equipped 
with a linear Potentiometrie recorder (Goertz Servogor RE 512). For 
quantitative determination, all peaks are integrated by means of an elec-
tronic integrator (Spectra Physics, Autolab System I). 
С Adsorbents and Eluents 
Various kinds of silica gel have so far turned out to be the most useful 
type of stationary phase for the analysis of vitamin A compounds. Of all 
elution solvents tried so far. /i-hexane with minor amounts of a slightly 
less apolar solvent as "modifier'" has proved to be most suitable. Table IV 
presents relevant data on previously published separations of geometric 
isomers of vitamin A compounds.6·17·21*"23 
17
 L. R. Snyder and J. J. Kirkland. "Modem Liquid Chromatography." Wiley. New York. 
1974. 
" M. M. McNair.y. Chrommovr. Sci. 14. 477 (1976). 
" M. Vecchi. J. Vesely. and G. Oesterhelt. J. СИготШоцг. 83. 337 (19731. 
*" К. Tsukida. A. Kodama. M. Ilo. M. Kawamoto, and K. Takahashi.7. Л'н/г. ί ο . Vitii-
ІІІІІЮІ. 23.263(1977). 
51
 J. P. Rotmans and A. Kropf. Vision Res. 15. 1301 (1975). 
*·' K. Tsukida. A. Kodama. and M. Ко. J. СІігопшіоцг. 134. 331 (1977). 
a
 F. G. Pilkiewitz. M. J. Pellei. A. P. Yudd. and K. Nakanislii.£>/>. £><· Res. 24.4;i ( 1977). 
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TABLE IV 
HPLC SvsiEMS USKD I N V I I A M I N A ISOMHR Λ Ν Λ Ι YSIS 
Column 
Vitamin A 
compounds 
Slationary 
phase 
Length 
(cm) 
300 
50 
50 
30 
200 
30 
25 
30 
30 
25 
30 
Id. 
(mm) 
0 
7 
•) 
4 
2 
4 
8 
4 
4 
8 
4 
Modifier 
0.1% Dioxane 
2% Dioxane 
1% Diethyl ether 
2% Ether 
\% 2-Propanol 
20% Ether 
6% ΟΗ,οοοε,Η,. 8% cHíCi, 
27o Ether 
I2.5rf Ether 
12% Ether 
Г/г Elhcr 
Analysis 
time 
(min)" 
15 
6 
7 
9 
13 
·> 
21 
19 
7 
19 
15 
Ref­
erence' 
19 
19 
19 
6 
6 
f. 
20 
21 
fl 
22 
23 
Retinyl 
ІЭ-WÏ 
ІЗч-м 
9-and 
Retinyl 
I l-t/'t 
Retinol 
11ч/Ч 
I Іч-Л 
9.11.1 
Retinal 
9.11.1 
I N ι» 
9.11.1 
9.11.1 
acetate 
. А Г 
. A T 
ІЗч/ .АТ 
palmitate 
AT 
. AT 
. AT 
Зч-іЧ. AT 
Зчм. AT 
ЛГ 
ЗчіЧ. AT 
Зч/Ч. AT 
Corasil I I 
Merkosorb Si-60 
ΑΙ,Οτ 
μΡθΓ38ίΙ 
Corasil Π 
MPorasil 
Zorbax SIL 
дРога^іІ 
дРогам'! 
Zorbax SIL 
Mßondapack CN 
" Retention lime of the all-rrunt isomer. 
* Numbers refer to text footnotes. 
r
 AT = alUrnns. 
1
 ' ' • ' 
О 5 min 
FIG. 2. Chromat ogram of a test mixture of fourcis-trans isomers of retinyl palmitates. (I I 
= 11-m-retmyl palmitate, etc ) Column packing. Si 60. 5 μιπ. length (I), 25 cm. internal 
diameter (i d.). 3 0 mm Eluent /i-hexane'dioxane ( 1000/1. vlv). flow rate (W). 17.5 MI'SCC; 
pressure (P), 3000 psi. Detection at 320 nm. From J. E. Paanakker and G. W. T. Groenendijk. 
J. Chromalogr. 168, 125 (1979). with permission. 
We have obtained satisfactory results with MicroPak Si-5 (25 x 2 mm), 
MicroPak Si-10 (25 x 2 mm). Partisi! 5 and Partisil 10 (both 25 x 3 mm), 
LiChrosorb Si 60-5 ^nd silica gel Si-60 (Merck, Darmstadt, GFR). The 
latter material was sieved to a specific particle size of 5-8 μιη and packed 
by means of a balanced density procedure, followed by activation." The 
columns consist of stainless steel, have a length of 25 cm and an inner 
diameter of either 2-3 mm for analytical purposes or 10 mm for prepara­
tive application. For the mobile phase, we prefer n-hexane with different 
concentrations of peroxide-free dioxane as modifier.2* Dioxane covers a 
larger polarity range than diethyl ether and has a lower volatility. 
Although the reproducibility of elution patterns in terms of the reten­
tion times of individual compounds is quite high for a single column and 
eluent mixture, in normal practice the use of calibration mixtures of au­
thentic compounds is necessary for unambiguous identification and 
determination. 
** J. С Kraak. Η. Poppe, and F Smedes.y Chromaiotr 122, 147 (1976); J. E. Paanakker. 
J . C Kraak, and H Poppe. J Chrmmilovr 149,111(1978). 
0
 J. E. Paanakker and G W Τ Groenedijk.y. Chromutovr 168,125(1979) 
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13 
'Jlil 
I ч ι ι ι ' 
0 3 4 5 6 mm 
FIG. 3. Chromatogram of a test mixture of four cis-irans isomers of retinal. Column: 
packing: Si 60. 5-8 м т : 1 = 25 cm: i.d. = 10 mm. Eluent: л-hexane'dioxane (975?5): W = 
202 μl/sec: Ρ = 3000 psi. Detection at 360 nm. Amount injected about 0.5 μ?. From J. E. 
Paanakker and G. W. T. Groenendijk. J. Chromatogr. 168. 125 (1979). with permission. 
The small peaks between II-TIJ- and l3-ci5-retinal and between 9-гіЧ and M-trans. re­
spectively. are presumably 9,13-di-oij-retinal and 7-rw-retinal [W. Sperling. P. Carl. С N. 
Rafferty. and N. A. Dencher. Biophys. Struct. Mechanism 3, 79 ( 1977)] and 7-ríj-retinal [M. 
Denny and R. S. H. Liu. J. Am. Chem. Soc. 99,4865 ( 1977)]. 
The efficiency of the columns decreases after several separation runs 
under all conditions. Regeneration is usually possible by washing the col-
umn consecutively with 50 ml of acetone, 50 ml of diethyl ether, followed 
by a 1:1 mixture of diethyl ether and hexane until a constant base line 
level at 254 nm is reached. Thereupon, the column is reequilibrated with 
the appropriate eluent mixture. Ultimately, the columns become silted up 
and should be repacked with fresh absorbent. 
D. Chromatograms 
In this section, we present our results for pure mixtures of vitamin A 
compounds.25 With retinyl palmitates the 9-cw and all-fra/w esters are 
completely separated from each other and from the 1 Wis and 13-cü isom-
ers, when 0. \% dioxane in hexane is used as the eluent (Fig. 2). However. 
the separation of the 1 \-cis and the 13-as ester is not yet ideal. This 
inconvenience can be overcome by an approach of Bridges,26 who con-
verts the ester to the corresponding retinol with LiAlH,. Recently the 
separation of all-ira/u retinyl esters of variable acyl-chain composition 
has been reported, using reversed-phase HPLC.27 
w
 С D. B. Bridges. Vision Res. 15. 1311 (1975). 
2T
 M. G. M. De Ruyter and A. P. De Leenheer. Anuí. Client. 51. 43 (1979). 
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AT 
"350 
УА 0 " 15 20 25 30 mm 
FIG. 4. Preparative separation of fom cis-lrans isomers of retinal. W = ASAßVscc: Ρ -
750 psi. Detection at 350 nm. Amount injected about 0.5 mg. For other conditions, see Fig. 3. 
From J. E. Paanakker and G. W. T. Groenendijk. J. Chromatogr. 16», П5 (1979). with 
permission. 
With the retináis, a complete base line separation appears possible. 
using 2.5% dioxane in hexane. Figure 3 demonstrates the analytical sep-
aration on a 10-mm (i.d.) column of O.S Mg of a retinal mixture, whereas 
Fig. 4 shows the preparative separation of a 1000-fold larger sample (500 
μ%) on the same column. This separation is made possible by considerably 
reducing the flow rate. 
The elution pattern of the retinol isomers is shown in Fig. 5. using 59r 
dioxane in hexane as the eluent. Although the separation of the 1 l-cis and 
13-r/i isomers is not optimal, accurate quantitative determination is still 
possible. It is a remarkable fact that in the retinol series the 1 l-cis isomer 
is eluted first, whereas in the case of the esters and the aldehydes the 
13-CI5 isomers have the shortest retention times. We do not have an expla­
nation for this phenomenon. 
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Fie. J. Chromatograms of a test mixture of four cis-trans isomers of retinol. Eluent: 
n-hexane/dioxane (95/5): W » 18.1 μΐ/sec: Ρ = 3500 psi. Detection at 320 nm. For column 
conditions, see Fig. 2. From J. E. Paanakker and G. W. T. Groenendijk, J. Chromaiogr. 168. 
125 ( 1979), with permission. 
For reasons to be explained in Section V,C. it may be necessary to 
convert retinal with hydroxylamine to retinal oxime. In spite of the com­
plication caused by the occurrence of syn- and д/in'-isomers, reasonable 
separation is possible (Fig. 6). Since the ratio of the syn- and a/iii'-isomers 
seems to be dependent on the conditions, presently both syn- and anti-
peaks have to be taken into consideration, if quantification is desired. We 
have been able to isolate pure samples of the syn- and anti -forms of 1 Wis 
and a\\-trans retinal oxime by preparative HPLC. These compounds have 
been characterized by NMR and mass spectroscopy, and their absorbance 
maximum and molar absorption in hexane have been determined (Table 
HI). Thus 11-cz's and dlUrans retináis, the only isomers of direct impor-
tance for the visual process, can be simultaneously assayed as the oximes 
(see also Section V,C). 
The complete analysis in a single run of more complex compounds of 
vitamin A, comprising esters, aldehydes or oximes, and alcohols, remains 
difficult. The different classes of vitamin A compounds are well separated, 
but. depending on the eluent used, the resolution of the isomers is satisfac-
tory only for a single class (Fig. 7). Mixtures containing isomers of retinol. 
retinal, retinyl ester, retinal oxime and 3-dehydroretinol have been ana-
lyzed by programmed high pressure liquid chromatography.2" The further 
J
" С D. B. Bridges. S. L. Fong. and R. A. Alvarez. иииі Acs. (1979) in press. 
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FIG. 6. Chromaiogram of a test mixture of four cis-trans isomers of retinal oxime: each 
retinal isomer gives a syn- and on/i-retinal oxime. Column: I = 25 cm: i.d. = 2 mm: Packing: 
MicroPak Si-5. Eluent: n-hexane/dioxane (96/4): W » 25.0MI/SCC: Ρ = 2000 psi. Detection at 
360 nm. ll(s) = jj-n-ll-rw-retinal oxime. 11(a) = a/iri-ll-ris-retinaJ oxime. etc. 
development of reversed-phase chromatography, introduced in this 
field,29 may open up new possibilities as well. 
In conclusion, the present state of HPLC allows the separation and 
quantitative determination of the isomers of a single class of vitamin A 
compounds. Complete analysis of complex mixtures cannot yet be carried 
out on a routine basis. 
V. Extraction of Vitamin A Samples for Analysis 
A. General 
Vitamin A compounds are apolar lipids and. therefore, lipid extraction 
is always the first step in their analysis. The more general aspects of lipid 
extraction procedures are excellently documented in earlier volumes of 
this series.3"3' and this presentation assumes that the reader has already 
=" C. A. Frohk. T. E. Tavela, and M. B. Sporn. Л Lipid Res. 19, 32 (1979). 
* C. Entenman, this series. Vol. 3, p. 299. 
31
 N. S. Radin. this series. Vol. 14. p. 245. 
AT.9,13 
13 11 9 AT 
52 
ESTER RETINOL 
RETINAL 
Λ 
13 
J ι 
AT 
AT 
10 15 mm 
FIG. 7. Separation of a total retinal pigment epithelium extract For column dimensions 
and packing, see Fig. 2. Eluent. /t-hexane/dioxane (95/5). W = 18.1 μΙ/sec. Ρ = 3500 psi 
Detection at 320 nm (esters and retinols) and 360 nm (retináis) 
consulted those chapters. With respect to the extraction of vitamin A 
compounds, four aspects deserve further consideration. Two of these will 
be discussed in this section. 
It should again be emphasized that the polyunsaturated character of 
vitamin A compounds makes them very susceptible to a variety of oxidiz-
ing conditions.32 Hence, precautions like working in an inert atmosphere. 
use of deaerated solvents, and/or addition of antioxidants are essential.'" 
A second aspect concerns the low concentration in which vitamin A 
compounds occur, even in ocular tissues. When standard lipid extraction 
methods are used, contamination with a large excess of other lipids, nota-
bly phospholipids and cholesterol, is unavoidable. For example, isolated 
rod outer segment membranes contain about 200 Mg of phospholipids and 
12 Mg of cholesterol per microgram of retinal.33 Although modem absor-
bents for TLC and HPLC have high intrinsic loading capacities, a pre-
purification step may be necessary to remove a substantial part of the 
contaminating lipids. This is conveniently achieved by carrying the ex-
tract (containing approximately 500 ßg of lipid) over a small silica column 
*•· See. e.g.. D. Fischer. F. U Licht, and J. A. Lucy. Btochem J 130. 25g ( 1972). 
u
 W J. de Gnp. F. J. M Daemen. and S. L Doming, this volume [36] 
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(2 χ 0.5 cm) in hexane containing 59c dioxane. Under these conditions. 
the vitamin A compounds are not absorbed, whereas the phospholipids 
are completely retained. More recently, we have observed that LiChro-
sorb Si 60-5 can conveniently be used without prior removal of the 
phospholipids, since more polar solvents (chloroform, methanol) can be 
applied to clean the column efficiently afterward. 
Two other, more specific aspects of extraction of vitamin A 
compounds—incomplete extraction of covalently bound retinal and aspe-
cific isomerization of geometric forms—will be discussed in the last 
section of this chapter. 
B. Extraction of Retinol and Retimi Esters 
Retinol and retinyl esters (i.e., long-chain acyl esters in our case) 
occur as free compounds and are easily and completely extracted with 
lipid solvents after homogenization of the tissue. In general, hexane ex­
traction can conveniently be used for the complete extraction of these 
compounds. Since only part of the membrane phospholipids dissolve read­
ily in this solvent, a favorable fractionation takes place. In addition. 
hexane does not denature rhodopsin. which obviates the problems with 
covalently bound retinal in case rod outer segments are to be extracted 
(see next section). 
In our normal procedure tissue fractions are freeze-dried after 
homogenization and extracted by grinding the material three times for 10 
min in a Potter-Elvehjem tube with hexane. The supematants are col­
lected after low-speed centrifugation, and are concentrated by blowing 
with a gentle stream of oxygen-free nitrogen. If the freeze-drying step is to 
be omitted, methanol is added to a homogenized, aqueous suspension to a 
final concentration of 60% (v/v), and the mixture is extracted with 
hexane.34 Alternatively, the tissue can be ground with twice its volume of 
anhydrous sodium sulfate and is extracted by stirring with two or three 
portions of hexane.4 
Organelles rich in vitamin A, like the oil droplets of retinal pigment 
epithelium cells, can simply be isolated by flotation upon centrifugation of 
the homogenate." Gentle stirring with an overlying layer of hexane and 
removal ot the organic layer with a pipette or syringe leads to complete 
extraction of vitamin A compounds, when the procedure is once re­
peated." The retinal extraction procedure to be described in Section V.C 
can be conveniently used as well. 
M
 D. Bownds. Suture iLoiulon) 216. 1178 (1967). 
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С. Extraction of Retinal 
Retinal is often covalently bound as an aldimine (Schiff base) to pri­
mary amino groups in natural products. This applies both to retinal bound 
as a prosthetic group in rhodopsin and to retinal freed by photolysis or 
added to tissues that contain hydrophobic domains carrying amino 
groups, e.g., membranes with phosphatidylethanolamine. This appears to 
interfere with its complete extraction, 1ϊ·2*·:»·3β although previous lyophifi-
zation facilitates the extraction with hexane of retinal not bound in 
rhodopsin.4,37 
A second difficulty arises from the fact that the geometric isomers of 
retinal are, even in darkness, readily susceptible to isomerization, e.g., in 
the presence of nucleophiles10 or membrane suspensions2·38·39 containing 
phosphatidylethanolamine.18 Similar phenomena have not been observed 
with retinol and retinyl esters, unless in trace amounts. 
A satisfactory analysis of retináis, therefore, requires complete extrac-
tion in the original isomeric form. This can be tested with rhodopsin in rod 
outer segment membranes, since the amount of retinal present can be 
independently determined by the assay of rhodopsin.33 Furthermore, the 
isomeric state of retinal in rhodopsin is exclusively 1 \<is, an isomer re-
peatedly shown to be very susceptible to aspecific isomerization.2·10·37 
Recently, Pilkiewitz et al.*3 have presented a simple nonisomerizing 
procedure for the identification of protein-linked retináis, using as the 
extractan! dichloromethane with or without the detergent Ammonyx-LO. 
These authors do not mention their recovery of chromophore. In our 
hands, this procedure does indeed yield exclusively ll-m-retinal, but the 
recovery is at best only 30%. 
We have combined this method with the modification of the retinal 
with hydroxylamine.39 The resulting retinal oximes are extracted with 
dichloromethane and analyzed by HPLC. In this way it is possible to 
extract the 11-cú chromophore of rhodopsin in the original isomeric state 
with a recovery of 93% (SD 7%, и = 9). Similarly, all-fn»u-retinal is 
quantitatively extracted following illumination of rod outer segments in 
the presence of hydroxylamine (Fig. 8). 
Procedure. To a rhodopsin suspension (10-50 μΜ) a 1000-fold molar 
excess of 1M NH2OH (pH 6.S) is added, followed by methanol to a final 
m
 J. P. Rotmans, G. C. M. v.d. Laar, F. J. M. Daemen. and S. L. Homing. Vision Res. 12. 
1297(1972). 
* K. Nakanishi. A. P. Yudd, R. K. Crouch, G. L. Olson, H. С Cheung. R. Gorindjee. T. G. 
Ebrey. and D. J. Patel. J. Am. Chem. Soc. 98, 236 (1976). 
3
'· W. J. de Grip. F. J. M. Daemen, and S. L. Bonting. Vision Res. 12, 1697 ( 1972). 
" F. J. M. Daemen, J. P. Rotmans. and S. L. Bonting. Kxp. Eye Res. 18, 97 (1974). 
" G. Wald and P. K. Brown. J. Gen. Physiol. 37, 189(1953). 
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FIG 8 Chromalograms of extracts of rod outer segment membranes (a) extracted in the 
presence of ΝΗ,ΟΗ in the dark ( ). (b) after photolysis in the presence of NH2OH 
i ) For column dimensions, stationary phase, and mobile phase, see Fig 6 W = 17 
μΙ/sec. Ρ = I7<0 psi Detection at 360 nm. 
concentration of 707c (v/v). Subsequently water and dichloromethane are 
added, so that the final ratio water/methanol/dichloromethane becomes 
1/1/1 by volume. After thoroughly mixing on a vortex and centrifugation 
( 10,000 £. 1 min) the lower organic layer is collected with a syringe. This 
procedure is repeated three times. The combined organic layers are 
evaporated with nitrogen. The residue is dissolved in 2.5% dioxane in 
hexane (2 μΐ/nmol) and analyzed by HPLC.40 
VL Conclusion 
Although this contribution has concentrated on the analysis of vitamin 
A compounds in ocular tissues, the techniques can be applied with minor 
modifications to the analysis of these compounds in liver" and plasma.4-
In animal tissues, so far only aU-frans and 11-cis isomers have been found, 
the II-cis compounds occurring exclusively in the eye. The presence of 
" G W Τ Groenendijk. W. J. de Gnp. and F J M. Daemen. ВюсЫт. Вюріім Ани 
submitted 
41
 R F Bayfield Anul Bun hem 64,404(1975). 
u
 J N Thompson Ρ Erdody.andW В Maxwell. Biochem Me J 8.401(1971) 
syn 
¡ AT 
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other isomers must be considered to derive from experimental artifacts, in 
spite of the fact thiit they are found in various food products.·™ The single 
case where another isomer, B-m-retinal, seems to play a physiological 
role is in bacteriorhodopsin.·" 
" D. С Egberg. J. С Heroff. and R. H. Potter, J. Ацг. Food Client. 25, 1127 ( 1977). 
" D. Oesterhelt./4;vfir. Chem. Int. (Ed. Enpl.) 15, 17(1976): M. J. Pettei. A. P. Yudd. K. 
Nakanishi. R. Henselman. and W. Stoeckenius. Biochemistry. 16, 1955(1977). 
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CHAPTER III 
IDENTIFICATION AND CHARACTERIZATION OF 
SVN- AND AMTI-ISOMERS OF RETINALOXIMES 
From: Analytical Biochemistry (1979) 
99, 304-310, with permission 
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Identification and Characterization of syn- and anf/'-lsomers 
of Retinaloximes 
G. W. T. G R O E N E N D I J K , W. J. DE G R I P , A N D F. J. M. D A E M E N 
Department of Biixhemistn, University of Nijmetien. 
6500 HB Nijmeyen. The Nelherlaml\ 
Received February 12. 1979 
Hydroxylamine denvatization of retináis aflords two reaction products m a ratio of about 
3 I Preparative high-pressure liquid chromatography allows isolation of both products m a 
pure form. Mass spectroscopy and nuclear magnetic resonance spectroscopy allow identifi-
cation. The mam products possess the syn, the minor products the ami configuration 
Geometric isomers of retinal (vitamin A, 
aldehyde) play an essential role in the visual 
process (I). Quantitative determination of 
the retináis in their original isomeric con-
figuration is hampered by two factors. First, 
complete extraction of retinal from bio-
logical material is difficult, probably due to 
the high reactivity of the aldehyde group 
toward the ever present amino groups. 
Second, the geometric isomers of retinal 
are, even in darkness, easily isomerized 
under a variety of conditions (2-6). We 
have been able to overcome both of these 
problems by quantitative conversion of the 
retináis to their oximes, prior to extraction 
(Groenendijk, to be published). 
During this conversion each isomer of 
retinal generates an additional pair of 
stereoisomers: a syn- and алгі-охіте. By 
convention (7,8) "syn" represents the cw 
position of the hydroxyl group with respect 
to the hydrogen at C-15, and "anti" the 
trans position (Fig. I). 
Since quantitative analysis of retináis in 
the form of their oximes requires knowledge 
of the chromatographic and spectral proper-
ties of the syn and anti forms of each geo-
metric isomer, we have studied the purifica-
tion, isolation, and characterization of the 
syn- and агш-oximes of att-lrans and 
ll-m-retinal, the geometric isomers in­
volved in the visual process. In addition, 
some parameters of 9<is and ІЗчм-геІіпаІ-
oximes have also been determined. The 
results are presented in this paper. 
METHODS 
All manipulations, involving vitamin A 
derivatives, are carried out in darkness or 
under dim red light. 
A\\-trans and ІЗчи-геІіпаІ are obtained 
from Eastman Organic Chemicals; ll-ci'j 
and 9ч ii-retinals are isolated from an 
illuminated aJl-frans-retinal solution (9) as 
described elsewhere (10). 
Retinaloximes are prepared by adding a 
50 to 100-fold molar excess of hydroxyl­
amine bicarbonate (pH 6.5) to the pure 
retinal isomer in methanol (final methanol 
cone 70% by volume). Extraction with 
dichloromethane (water/methanol/dichloro-
methane, l/l/l, by volume) gives the oxime 
in 100% yield. 
High-performance thin-layer chromatog­
raphy (hptlc'). Up to 1 nmol (0.3 ftg) of 
retinaloxime is applied to hptlc Fertig-
platten (Kieselgel 60 F2M, Merck, Darm­
stadt, G.F.R.), using cyclohexane/toluene/ 
1
 Abbreviations used: hptlc, high-performance thin-
layer chromatography, hplc. high-performance liquid 
chromatography 
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TABLE I 
R, VALUES FOR T H I N - L A Y E R CHROMATOGRAPHY 
OF RETINALOXIMES" 
Main product Minor product 
Al]-/r<f/fs-retmaJoxime 0 45 0 21 
ll-ru-Relmalomme 0 47 0 27 
»•cu-Retinaloximc 0 40 0 23 
13-oj-Re4naloxime 0 39 0.33 
" For conditions see Methods. 
ethylacetate (5/3/2 by volume) as eluent. 
These high-performance thin-layer plates 
give very consistent results. Both reaction 
products show orange fluorescence and they 
display a reddish color upon spraying with 
a saturated trichloroacetic acid solution in 
dichlorome thane. 
High-performance iiquid chromatogra-
phy (hplc). For analytical purposes, a 
Varían 8500 Chromatograph equipped with a 
septumless injector and a Micro-Pak Si-5 
column (250 χ 2 mm) is used, on line with a 
Hewlett-Packard (3380A) integrator. For 
preparative purposes an Orlitta pump (DMP 
AE 10.4.4) combined with Valco injection 
valves (CV 6-UHPA) is used and a Partisil-
10 column (250 χ 9 mm; Chrompack). 
Hexane/dioxane (95/5 by volume) serves as 
the eluent. Detection is carried out with a 
Pye Unicam (L.C. 3 uv) spectrophoto­
meter, equipped with 10-mm flow cells. 
Ultraviolet spectra are recorded on a 
double-beam Pye Unicam SP 1750 spectro­
photometer with 10-mm quartz cells. 
Nuclear magnetic resonance spectra are 
obtained at 90 MHz by means of a Braker 
WH 90 instrument. Solutions are prepared 
in CDCI3 and TMS serves as the internal 
reference. 
Mass spectra are obtained with a V.G. 
Micromass 70-70 F mass spectrometer at 
l60°Cion source temperature, 70 eV, and a 
current of 100 μΑ. The samples are intro­
duced by direct probe insertion at 40°C. Ion 
source pressure is 1.3 χ IO"4 Pa. 
RESULTS AND DISCUSSION 
The formation of two reaction products, 
namely oximes, upon hydroxylamine treat­
ment of all-zrani-, 9-CÍÍ-, I 1-CÍÍ-, and 13-
cis-retinal is demonstrated by both thin-
layer chromatography (tic, Table 1) and 
high-performance liquid chromatography 
(hplc, Table 2). In all cases the ratio of both 
products is close to 3:1, as measured by 
their absorbance at 360 nm. The major peak 
always has the shortest retention time, i.e., 
the higher Rf value. 
The two reaction products of either all-
trans- or ll-c/i-retinal are isolated by 
preparative hplc. The two derivatives from 
all-rru/u-retinal could both be crystallized 
from diethylether/hexane. They yield yel-
low needles with melting points of 144 and 
13ГС for the major and minor compound, 
respectively. The derivatives from 11-cu-
retinal have so far resisted all attempts to 
crystallize them and are obtained as yellow 
oils. 
Mass spectroscopy confirms that the iso­
lated and pure compounds are rctinal-
oximes. The mass spectra are very similar 
and Fig. I shows a representative sample. 
They all display a molecular ion signal at 
299 m/e, corresponding to a molecular 
weight of 299 for retmaloximes. A con­
sistent major peak at 282 mie is most likely 
TABLE 2 
RELATIVE R E T E N T I O N T I M E S OF R E T I N A L O X I M E S , 
A N A L Y Z E D BY HIOH-PERFORMANCE 
CHROMATOGRAPHY" 
Retmal-
oxune 
All-rnmj 
11-сй 
» Î / J 
13-ríí 
Маш 
product 
syn 
2.21 
1.84 
2.40 
2.29 
Minor 
product 
ami 
4 83 
3.78 
4.36 
3.37 
Ratio8 
iyn/anti 
3.4 
4.0 
3.1 
3.2 
SD 
(л - 4 ) 
0.1 
0 1 
0.1 
0.1 
" АІІ-ггалі-retinal is used as reference compound (its 
retention tunc is 2 mm 38 s). For conditions see Meth­
ods (How rate 60 ml t r ' ) . 
" Peak area at 360 nm. 
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derived from N -О cleavage and thus further 
supports the retinaloxime structure (11). So 
far we have not been able to identify any 
isomer unambiguously by means of mass 
spectroscopy solely. 
Nuclear magnetic resonance spectro­
scopy allows direct identification of the 
syn- and алгі-oximes as illustrated for the 
all-rran^-retinaloximes by Fig. 2. Most 
striking are the different positions of the 
doublet around 8 ppm, previously assigned 
to the hydrogen at C-15 (11). For the major ' 
oxime the exact position is 8.18 ppm and for 
the minor oxime 7.52 ppm. Since stereo­
chemical considerations predict that the 
¿yn-isomer should give a resonance at 
C H . CH-
»yn all- trans Retinaloxime 
145 
4 
Μ - Ι β 
281 
266 
ЦІІЩіт^ 
M 
299 
и 
200 
m / e 
FIG. I. Mass spectra of jjTi-all-ironj-retinaloxime (Л) and a/ifi-all-fronj-rctmaloiime (B). V.G. 
Micromass 70-70. 70 eV. ÌWC ¡on source, direct probe insertion. Between 40 and 150 "It intensities 
below 10% are cut off. Above 150 'le no restrictions applied. 
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syn all-trans Retinaloalme 
CH, CHj 
anti ad- trans Retinatoaim· 
F I G . 2. NMR spectra of jyn-all-rranj-retinaJoxime (a) and anri-all-miAf-reiinaJoAinie (b) in 
deuterochloroform. 
lower magnetic field strength than the artti-
isomer (12,13), these results prove that the 
major product is the іул-охіте and the 
minor product the anii-oxime. Similar 
results have been reported for the aiUtrans-
retinalmethoximes (11). 
Another difference concerns the single 
peak at 2.04 ppm of the syn-isomer, previ­
ously characterized as derived from the 
methyl groups at C-9 and C-13 (11). This 
peak is partially split in the case of the 
anri-isomer. This might suggest, also in view 
of the observed \owerJlt+ii value (Table 3) 
and the slight red shift of the anri-isomer 
(Fig. 3), that the α л/(-isomer has a somewhat 
higher degree of conjugation. The same 
phenomenon occurs in the case of the 
retinalmethoximes (11), although here the 
C-13 methyl peak is barely separated from 
the C-9 methyl peak. In free a\\-trans-
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TABLE 3 
OBSERVED CHEMICAL SHIFTS FOR RETINALS AND RETINALOXIMES IN DEUTEROCHLOROFORM 
AII-frans-Retinal 
алгі-Охітс 
syn-Oximc 
ll-cij-Retinal 
алп-Охіте 
syn Oxime 
13-cu-Retinal 
ann-Oxime 
ivn-Oxime 
*<ii-Rel]nal (H) 
ann-Oxiine 
ryn-Oximc 
H,5 
10 II 
7 52 
8 18 
10 09 
748 
8 15 
10 20 
7 62 
8 31 
10 07 
750 
8 17 
Chemical shift, 
СНз-13 
2 34 
2 10 
200 
2 36 
2 12 
2 07 
CH,9 
204 
2 05 
200 
199 
1% 
1 95 
δ (ppm) 
CH
s
-5 
1 73 
172 
171 
172 
172 
171 
CH31 
1 04 
1 03 
103 
1 03 
1 03 
102 
Coupling constants 
(Hz) 
Jl4H 19H 
82 
10 1 
10 5 
79 
10 0 
10 6 
82 
10 2 
10 8 
82 
10 0 
10 6 
retinal, the C-13 methyl peak is found at 
2.35 ppm due to the close proximity of the 
deshielding region of the aldehyde group 
(14). The resonance of the hydroxylhydro-
gen (syn 7.3 and anli 6.9 ppm) shows a 
similar upfield shift as the C-15 hydrogen. 
The 1 l-cis-oxime isomers behave in a 
comparable way to the all-franj-oximes. 
Their NMR spectra show similar shifts with 
respect to each other and with respect to 
their parent compound (Table 3). 
The syn- and ani/-isomers of 9-cis- and 
13-cu-retinaloximes have not been sepa­
rated as pure compounds. However, the 
NMR spectra of the reaction mixture show a 
3.1 ratio of тэдог and minor compound, which 
6 0 0 
E 10 
a 
/ι J*1' ι 
It E 
/' ι\ 
It V 
oo . . . 
2 3 0 2TO ЗЮ 3SO 3 9 0 4 3 0 2 3 0 270 ЗЮ 3 5 0 3 9 0 4 3 0 
Wavelength (nm) Wavelength (nrri) 
FIG 3 Molar extinction curves of the syn- ( land and-( 
(a) and I l-rfj-retinaloxime (b) in hexane 
) isomers of all-rran;-retinaloxime 
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TABLE 4 
ABSORPTION PROPERTIES OF syn AND and-STEREO­
ISOMERS OF RETINALOXIMES IN HEXANE 
Rclinaloxime 
All trans syn 
MUrans anil 
ll-cif syn 
1 l-cfj anti 
λ„„ 
(nm) 
357 
361 
347 
351 
ем 
(M cm ') 
55 500 
51700 
35 900 
30 000 
Сзш 
(M cm ') 
54 900 
51 600 
35 000 
29 600 
is again in agreement with the conclusion 
that the major compound is the .svn-oxime 
and the minor compound the ann-oxime 
Quantitative determination of retinal 
isomers as their oximes by hplc requires 
accurate knowledge of the spectral proper­
ties of their syn- and anft-isomers Weighed 
amounts of the punfied stereoisomers are 
dissolved in a known volume of hexane and 
their spectra recorded between 210 and 450 
nm Figure 3 shows spectra of both isomers 
of 11-cu and all-/r<M¿-retinaloxime The 
absorption maxima and the molar absorb-
ances of all-frans- and ll-cis-retinaloximes 
are listed in Table 4. 
The feasibility of a quantitative deter-
syn ant 
11 
AT 13 9 
13 11 9 AT 
• 
0 4 8 mm 
FIG 4 Elution pattern of a mixture of eight 
geometrical isomers of retinaloximes on MicroPak 
Si-5 Hexane/dioxaiK »5/5 flow 90 ml h ' 
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mmation of retinal isomers by hplc of their 
oximes is illustrated in Fig 4 It is clear that 
mixtures of all-irtms- and 1 l-cw-retinal-
oxime can be analyzed without any diffi-
culty This is important, since only these 
two isomers play a role in the visual process 
If 9-CIÍ and/or 13-cis retinal are also present, 
the situation becomes more complex due to 
incomplete separation of the луп-isomers of 
the all-irani, 13-c/i and 9-cis retinaloximes. 
Fortunately the an/i-isomers are adequately 
separated Exclusive formation of the anti-
isomers could not be realized so far, nor 
could the isomeric mixture be quantitatively 
converted to the an u- configuration On the 
contrary, a procedure like repeatedly boil­
ing a mixture of isomers in the presence of 
water to dryness results in a higher per­
centage of the s>rt-isomer 
Nevertheless, the present approach offers, 
in principle, the possibility to analyze 
complex mixtures of retinaloximes, pro­
vided the ratio of syn- to anti-oxmt is 
independent of the expérimental conditions 
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Summary 
A method is described for the quantitative extraction of retinal in its original 
isomeric configuration from retinal-containing pigments Using excess of 
hydroxylamine under denaturing conditions, the chromophore of retinal bear­
ing natural products is converted into the corresponding retmaloxime with 
complete retention of geometric configuration The retinaloximes can be quan­
titatively extracted with dichloromethane and analyzed by high-performance 
liquid chromatography. 
Introduction 
Geometric isomers of retinal (vitamin A aldehyde) play an important role as 
the chromophonc group of a variety of light-sensitive chromoproteins all ani­
mal visual pigments [1], bactenorhodopsin [2] and retinochrome [3] Light 
induced transitions from one geometric configuration into another have been 
reported for all of them, and are, at least for the visual pigments, essential for 
their mechanism of action 
The quantitative analysis of retinal isomers is, however, hampered by two 
factors First, complete extraction from biological materials is difficult to per­
form [4—6]. Secondly, the geometnc isomers of retinal are, once released from 
their native environment, prone to aspecific isomenzation, even in darkness 
[7—12] In recent studies [13—16] extraction with dichloromethane at low 
temperature has been shown to reduce considerably this artefactual isomen­
zation However, in these studies little or no attention has been paid to the 
completeness of the extractions. In our hands these methods give retinal 
recoveries of only 30% or less, which makes it hazardous to draw conclusions 
as to the original isomeric state of the samples. 
67 
Oesterhelt et al [17] have extracted retinal from bactenorhodopsin in the 
form of the oxime, but without determining recovenes Pettei et al. [16] have 
used the same approach and analyzed the oximes by high-performance liquid 
chromatography. Their conditions, however, apparently led to incomplete con-
version of retinal into the oxime and to isomensation Since we observed that 
retinaloximes are much less prone to artifactual isomensation than the parent 
retináis (Groenendijk et al, in preparation), this approach was further 
developed In this paper we present a procedure which allows complete extrac-
tion from biological materials of retináis m their original isomeric state in the 
form of oximes Previously we have shown the feasibility of quantitative deter-
mination of retinaloximes by high-performance liquid chromatography [18]. 
Materials and Methods 
Materials 
Rod outer segment membranes (rhodopsin) are isolated by sucrose gradient 
centnfugation Membranes, prepared free of residual all-trans-retinal by incuba-
tion with NADPH in darkness [7], are used for the experiments described in 
Table I and Fig 2. The rhodopsin content of these preparations is determined 
by difference spectroscopy at 500 nm, as described before [19] Illumination 
is earned out with a 300 W tungsten lamp at 30 cm distance through an OGsso 
cut-off filter and a KG,-IR filter (both Schott-Jena; F R G ). 
Isorhodopsm is prepared from photolyzed rhodopsin by the action of a bac-
tenal supernatant [20] and determined by difference spectroscopy at 485 nm 
[21] The spectra gave no evidence for the presence of free all-tmns-retinal, 
while 4—8% of the original rhodopsin was retained. 
Bactenorhodopsin was kmdly supplied by Drs. К. Hellingwerf and К. van 
Dam (Dept of Biochemistry, University of Amsterdam). Its concentration is 
determined by absorbance measurement at 568 nm [22]. 
Standard extraction procedure 
Retinal extraction is carried out under dim red light at room temperature. 
To 100 μΐ of a pigment suspension (10—200 μΜ) 1 M hydroxylamine (buffered 
to pH 6.5 with bicarbonate) is added in, at least, 1000-fold molar excess with 
respect to the pigment, followed by 300 μΐ methanol After mixing 300 μΐ 
dichloromethane is added, followed by 200 μΐ water The resulting suspension 
is thoroughly mixed (Vortex) and centnfuged at 10 000 Χ g for 1 mm. The 
(lower) organic layer is carefully collected with a synnge. The residual aqueous 
fluid is once more extracted with an equal volume of dichloromethane. The 
combined organic layers are evaporated with oxygen-free nitrogen The residue 
is dissolved m a known volume of hexane/dioxane (100 . 6, v/v) to a final con­
centration of about 0.5 mM. When a single geometnc isomer of retinal is pre­
sent, the oxime can be directly determined by its absorbance at 360 nm [23] 
after appropnate dilution. In order to confirm the homogeneity of the retinal 
or m case two or more geometrical retinal isomers are present, analysis by high-
performance liquid chromatography is necessary. The results presented are ob­
tained with membrane suspensions, but the procedure works equally well with 
detergent-solubilised material. 
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High-performance liquid chromatography 
Quantitative analysis of retinaloximes by high-performance liquid chroma-
tography is carried out as described before [18]. A Varían 8500 Chromatog-
raph, equipped with a septumless injector and a MicroPak Si-5 column (250 X 2 
mm) is used on line with a Schoeffel detector (SF 770). Hexane/dioxane 
(100 : 6, v/v) is used as the eluent. In order to prevent clogging of the columns, 
prior removal of the relatively large excess of co-extracted phospholipids may 
be desirable. This is easily performed by chromatography over a small silica 
column (20 X 5 mm) with hexane/dioxane (100 : 6, v/v) as the eluent. Alter-
natively, the Varian 8500 can be used in combination with Valco injection 
valves (CV6-UHPA) and a LiChrosorb Si 60-5 column (250 X 3 mm). In this 
case the extracted samples can be directly applied to the column without prior 
removal of phospholipids, since more polar solvents can be used to clean the 
column efficiently. 
Identification of the eluting retinaloximes, now separated in their syn- and 
anti-forms, is achieved by comparison with reference compounds prepared by 
reaction of the retináis with hydroxylamine in 70% methanol and purified by 
high-performance liquid chromatography [18]. Quantitative determination of 
all-frans- and ll-cts-retinaloxime occurs by integrating the 360-nm absorbance 
peaks. Absorbance coefficients of retinaloximes at 360 nm are [18]: cmii-all-
irona, 51600; syn-all-trans, 54900; αηίι-11-cis, 29600; syn-11-cis, 35 000. In 
the case of 13-cis- and 9-cu-retinaloxime only an approximate calculation is 
possible [23], since the molar absorbance of the syn- and anti-forms of these 
Compounds have not yet exactly been determined. 
Results 
Preliminary attempts to achieve complete extraction of retinal from rod 
outer segment membranes by a variety of organic solvents and solvent mixtures 
in the presence of detergents like Ammonyx LO [15], were not successful. 
Even retinal, added to these membranes, could only be partially recovered by 
such procedures. However, we noticed that blocking of free amino groups of 
these membranes by either acetic anhydride or methyl picolinimidate increased 
the recovery of added retinal and suppressed non-specific isomerisation 
(Groenendijk et al., in preparation). Clearly the interaction between the alde­
hyde and the primary amino groups interferes with the complete extraction of 
retinal and induces non-specific isomerisation as well. Schiff base formation is 
certainly involved, since acidification of the extracted residues always led to a 
product with maximal absorbance at 440 nm, indicating the formation of a 
protonated Schiff base of retinal. Therefore, elimination of either the primary 
amino groups or the aldehyde function should be considered. Blocking of all 
amino groups does not seem very suitable for routine purposes. However, quan­
titative conversion of retinal with hydroxylamine to an oxime is a well-known 
and simple approach, when applied in detergent solution [16,17,23]. Further­
more, upon addition of retinaloximes to membrane suspensions or detergent 
solutions no trace of isomerisation was observed even after incubation at 37°С 
for 5 h. Consequently, we have adapted this technique to membrane suspen­
sions. 
69 
Photoreceptor membranes, containing a known amount of rhodopsin (and 
thereby of ll-ci's-retinal), and free of retinal not bound in rhodopsin, were 
subjected to a procedure, in which protein denaturation takes place by addi-
tion of methanol in the presence of hydroxylamine. Extraction of the hydro-
phobic low molecular weight compounds occurs by dichloromethane. The 
effects of varying the molar ratio of hydroxylamine to rhodopsin on the total 
retinal recovery and on the isomeric composition of retinal are presented in 
Table I. Clearly a 1000-fold molar excess of hydroxylamine is required to 
achieve nearly quantitative recovery as well as complete retention of the 
original isomeric configuration (see also Fig. 1, solid line). Apparently at these 
concentrations (10—200 mM) oxime formation is so fast that it precludes iso-
merisation of liberated retináis. 
This procedure was further tested by determining the chromophore of 
other preparations containing a known single retinal configuration: rhodop-
sin illuminated in the presence of excess hydroxylamine (all-frans), isorhodop-
sin (9-cis) and isorhodopsin illuminated in the presence of excess hydroxyl-
amine (all-trans). Figs. 1 and 2, and Table II show that our procedure allows a 
satisfactory quantitative determination of retináis in their original configura-
tion. 
Subsequently, we have applied our procedure to some photolytic products 
of rhodopsin. Aliquote of a single photoreceptor membrane preparation were 
either kept in darkness (a), illuminated at 0oC during 2 min (b), illuminated at 
20°С during 1 min (с) or illuminated at 20°С during 2 min and subsequently 
kept in darkness at 20° С during 20 min (d), or illuminated in the presence of 
excess hydroxylamine at 20°C during 2 min (e). Illumination was carried out 
with orange light (06530 filter). Hydroxylamine is added after the indicated 
time intervals (b, c, d). Under these conditions some thermal isomerisation 
(2—3%) is only to be expected in (d) (Groenendijk, in preparation). Spectro­
photometry of similarly treated samples showed the exclusive or predominant 
presence of rhodopsin (a, \
mtx 500 nm), metarhodopsin I (b, \mtx 480 nm), 
metarhodopsin Π (с, X
m u
 380 nm), metarhodopsin III and free retinal (d, 
λ,ηΐΓ 455 and 380 nm) and retinaloxime (e, X
m
.„ 360 nm), respectively. Dena­
turation, extraction and high-performance chromatography of these aliquote 
TABLE I 
EFFECT OF THE HYDROXYLAMINE TO RHODOPSIN RATIO ON RECOVERY AND ISOMERIC 
CONFIGURATION OF CHROMOPHORE, EXTRACTED FROM ROD OUTER SEGMENT PREPARA­
TIONS 
Recovery i»(calculated from the unoiuit of retlnelodme in the extract (Лэво)· taking into account the 
Uomeilc compodtion, and the coneentntlon of rhodopiin oriEinally prêtent (ΔΑςοο). A representative 
experiment i> ahown. Variance between experiment· la leal than 5%. +, trace. 
Ratio 
hydroxylamine/-
rhodopiin 
1 
10 
100 
1000 
Recovery 
retinaloxime 
(%) 
40 
40 
90 
95 
Geometric conflguratton 
all-Гпілл 
65 
40 
IB 
+ 
9-Ci! 
+ 
+ 
— 
— 
11-eif 
30 
50 
75 
100 
13-CÍ. 
15 
10 
5 
— 
70 
syn 
ATÏ 
: 11 
Fig. 1. RepnnntaUve high-perform ance liquid chromatography chromatognm of extncted thodopiin 
be f o n ( ) and after illuminati on ( ). Column, MlcroPak Si-5 26 cm Ж 2 mm; eluent, Ьбжапе/ 
dloMant 26 : 1; flow rate, 90 ml/h. AbbzevUtloiu: AT, all-fnuu; 11,11-cífntlnaloxlme. 
Flg. 2. Représentative high-performance liquid chromatography chromatogram of extracted laocbodop-
•in before ( ) and after Illumination ( ). Column, LIChroiorb Si 80-ft 250 X Э mm; eluent, 
bexane/dloxane 100 : β; flow rate, 100 ml/h, AbbiwlaUona: AT, all-fnru-; Θ, 9<ia-l 11, ll-cít-retln·-
loxlme. 
leads to the chromatograms depicted in Fig. 3. The recoveries of retinal as the 
oxime are all better than 90% and the chromophore of all photolysis products 
is, as expected, all-frans-retinal. Minor amounts of ll-cis-retinal (4—8%) are 
retained, if the illumination is carried out in the absence of hydroxylamine, 
probably due to photoisomerisation of all-frans- to ll-cte-retinal [22] in photo-
RECOVERY AND ISOMERIC STATE OF RETINAL, EXTRACTED FROM VARIOUS PHOTOSENSI-
TIVE MEMBRANE PREPARATIONS BY THE STANDARD PROCEDURE 
Recovery and iaomeiic oompoaltion are determined aa deacrlbed in the legend of Table I. For furthar 
detalla lee Materiale and Method·. +, trace. 
Prepara tlona Recovery 
(* ± SJ). (n)> 
Geometric configuration 
Rhodopfln (rod outer aegment 
membrute·) 
niumlnated rhodopaln * 
liorhodopiln (from rod outer tegment 
membrane·) 
Illuminated laorhodopain * 
93 * β (θ) 
Θ0 ι β (5) 
»7 ± Β (S) 
90 ± β (3) 
96 ' 5 · * — 
* IDuminAted in the preunc· of 1000-fold excess hydroxylamln·. 
** Derived from residual rhodopaln. 
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001 Α,βο 
16 12 О 
mm 
Fig. Э Repteeentattve bJcb-perfoimanee liquid chromfttoiniihT chromatommi oí photolytlc product· 
of ihodopdn In all cbioIDatognini the piedomlnint іул-peilu u « cut off A, riiodoptin, B, metubodop-
lln I, C, metalfaodopdii II, D, metufaodoprin ΠΙ and fn« ratinai. E, пШіаІожІте. For detalla aee text aod 
legend of Flg. 2 For each analyala about 1.6 nmol of material la applied to the column the amount of 
photochemlcally Induced 9-cle· and of 13-cl«-retlnal never exceeds 1—3%. Abbrevlatlona as In Figa. 1 and 
2. 
lytic intermediates. In raetarhodopsin I some 9-cu-retmal, and in the metarho-
dopsin III preparation a trace of both the 9-cis and 13-cw isomers are detect­
able. The 9-cis isomer presumably derives from photoisomensation, while the 
13-еts isomer anses from thermal isomerisation. 
Bactenorhodopsin, both dark-adapted and illuminated, was also subjected 
to chromophore analysis (cf. Fig. 4 for a representative experiment). Again the 
recoveries were satisfactory (>90%). The isomeric composition of the extracts 
as determined from the anti-peaks (45 ± 3% ali-frane, 55 ± 3% 13-cte; η = 3) ie 
in agreement with the present idea [6,16], that dark-adapted bactenorhodop­
sin contains approximately equal amounts of all-tnms- and ІЗ-ск-retinal, whüe 
illumination leads to a mixture with predominantly all-trane-retinal (~90%). 
The latter experiment demonstrates the problem of accurate quantification 
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syn 
13 HAT 
L Ì I 
А
эео 
AT, 
>< 
anti 
13 
-J\. AJ -4-JL 
ι ι 1 Г-
12 θ 
— I 
o 
min 
Fig. 4. Repreaenutive hlffa-perfonnance Uquld chromatocnpby chromatosnjn of eKtracted bacterio-
fbodopain, after dark adaptation ( —) and after daylight Illumination ( -). Abbreviation· aa In 
Fig». 1 and 2. 
if retinal isomers are present of which the syn-peaks of the oximes are not ade­
quately separated. However, the data on the syn/anti ratio of retinaloximes, 
derived from preparations containing (a large excess of) a single retinal isomer, 
indicate that this ratio is constant and close to 1.9 in all these cases (Table III). 
This even applies to aU-irans-retinal, added to a rod outer segment membrane 
suspension in a 6-fold molar excess with respect to rhodopsin. Thus, in an 
aqueous membrane system the reaction of hydroxylamine with retináis seems, 
under our conditions, to lead to a constant syn/anti ratio. Therefore, the anti-
peaks, which are well separated on the chromatograms, can be used by them-
selves for the quantification. However, some caution remains necessary since 
the formation of retinaloximes in a homogeneous solution like methanol/water 
(70 : 30, v/v) results in a significantly higher syn/anti ratio (Table HI). In addi-
SYN/ANTl RATIO OF RETINALOXIMES FROM DIFFERENT PREPARATIONS. DETERMINED AS 
Э60 nm PEAK AREA 
Average· with standard deviation of at leaat Э ежрегіліепій are ihown. 
Preparation Geometric configuration 
all-tran· 
Rhodopdn (rod outer «egment membrane·) — 
Illuminated rhodopdn * 1.9 ± 0.1 
laorfaodopdn (membrane preparation) — 
Illuminated bacterlorhodopaln 1.9 ι 0.1 
All-frant-fetlnal added to rod outer aegment 
membrane preparation 2.0 ι 0.2 
Retinal In methanol/water (70:30, v/v) 3.4 i 0.1 3.1 t 0.1 4.0 t 0.1 
1
 Illuminated In the presence of exceai hydroxylamine. 
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tion, the exact molar absorbance of the syn-isomer of 13-cis-retinaloxime and 
of 9-cis-retinaloxiTne is not yet available. 
Discussion 
Vitamin A compounds are apolai lipids and, therefore, lipid extraction is 
always the first step in their analysis. With retinol and retinylesters no dif-
ficulties are encountered, since these compounds are easily extracted com-
pletely and in their original isomeric configuration, e.g. by hexane extraction 
of lyophilized samples [25]. However, the analysis of retinal suffers from 
incomplete extraction and aspecific isomerization, when such a direct proce-
dure is used. Extraction with dichloromethane might eliminate artefactual iso-
merization [13—16], but the recovery of retinal remains unsatisfactory. We 
have combined the latter approach with the conversion of retinal to its oxime 
[23]. 
Photoreceptor membranes, containing known amounts of rhodopsin or iso-
rhodopsin were used to check the reliability of this method. The results show 
convincingly that nearly complete extraction of retinal is possible in the form 
of its oxime with retention of the original isomeric configuration. The fact that 
two products, a syn- and an ani ¿-isomer of the oxime, are formed upon treat-
ment of a single geometric isomer of retinal with hydroxylamine, does not seri-
ously interfere with the analysis. If only all-trans- and ll-ci's-retinal are present, 
the syn- and αηίί-peaks of the corresponding oximes can be separated com­
pletely. This is a fortunate coincidence for studies of the visual process, since 
these are the only two configurations of retinal occurring in the eye. Even 
when other isomers are present as well, satisfactory analysis remains possible: 
the syn/anti ratio of oximes, formed in membrane preparations, is constant 
(1.9 ± 0.1), and the anti-peaks of all common retinaloximes are well separated 
by high-performance liquid chromatography [18]. 
The syn/an ti ratio of the oximes is much higher when formed in methanol/ 
water. This difference is probably related to the immediate environment of the 
aldehyde group of retinal during the nucleophilic attack of the hydroxylamine 
molecule. An attempt to detect differences in the microenvironment of the 
aldehyde group of retinal in rhodopsin and its photointermediates metarhodop-
sin I, II and III, respectively, was not successful, since no significant differences 
in the syn/anti ratio of the extracted retinaloximes were observed. 
An important aspect of the use of the oximes is their stability under condi­
tions where free retináis show aspecific isomerization and degradation. This is 
already expressed by our finding that a nitrogen atmosphere is not needed 
during extraction and storage (with exception of the evaporation step) of the 
oximes and will be discussed in more detail in a subsequent communication. 
(Groenendijk et al., in preparation). 
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CHAPTER V 
DARK ISOMERIZATION OF RETINALS IN THE 
PRESENCE OF PHOSPHATIDYLETHANOLAMINE 
From: European Journal of Biochemistry (1980), 
in press. 
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SUMMARY 
1. Dark incubation of retinoids (retinylester, retino!, retinal, 
reti naloxime) in suspensions of rod outer segment membranes 
leads to substantial isomerization (and partial degradation) 
in the case of retináis only. 
2. All-trans, 13-cis and 9-cis retinal all isomerize around the 
13 Δ double bond leading to an equilibrium with approximately 
75% trans and 25% cis configuration at this bond (all-trans«-* 
13-cis and 9-cis-*-*9,13-dicis). 11-Cis retinal isomerizes to 
a mixture of all-trans and 13-cis retinal. 
3. The compound catalyzing these i somerizations appears to be 
phosphatidylethanolamine present in the membrane. The amino 
group and the phosphate, as well as the hydrophobic part of 
the phospholipid are essential. 
4. At least three factors are important for the phosphatidyl­
ethanolamine catalyzed isomerization of retináis as studied 
with the 13-cis isomer: the concentration of phosphatidyl-
ethanolamine, the concentration of Schiff base between 
retinal and phosphatidylethanolamine and the presence of 
lipid aggregates. 
5. Based on these observations a mechanism is proposed, which 
satisfactorily explains the specificity of the isomerization 
pattern. 
6. It is suggested that rei somerization of all-trans to 11-cis 
retinal In vivo takes place by fixation of all-trans retinal 
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on an adequate surface (e.g. opsin) and a localized nucleo-
philic attack on the C-ll atom, followed by trapping of the 
isomerized chromophore by opsin. 
7. It is further concluded that retinal does not occur ¿n vivo 
as a free intermediate. Direct transfer from one protein to 
another (opsin, retinol dehydrogenase, retinal binding 
proteins) seems to take place. 
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INTRODUCTION 
Illumination of rhodops'n leads to isomerization of the 11-cis 
retinal chromophore to the all-trans form |1|. In vivo the chromophore 
can be recycled to rhodopsin, but in vertebrates the mechanism, 
and even the location of the reisomerization from the all-trans 
to the 11-cis configuration has so far remained almost competely 
a matter of conjecture |2,3|. The only fact, which seems esta-
blished, is that reisomerization does not require light. 
Investigation of the fate of retinal in aqueous media at near 
neutral pH has shown that the all-trans and the mono-cis isomers 
of retinal are susceptible to isomerization in darkness |4-13|. 
However, neither the specificity of the isomerization patterns, 
nor the mechanisms involved have been clarified so far. 
Recently we have devised a method for the quantitative ana-
lysis of retináis |14|, which again confronted us with their 
isomerization in darkness. Since knowledge of the dark isomer-
ization of retinal may yield clues to the largely obscure 
mechanism of the reisomerization of all-trans to 11-cis retinal 
during the visual cycle ¿n v¿vo, we have investigated these 
phenomena in more detail. 
We have traced a mechanism of retinal isomerization in dark-
ness, which involves Schiff base formation with phosphatidyl-
ethanolamine. The molecular model of this reaction explains its 
different specificity towards various retináis. 
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MATERIALS AND METHODS 
Rod outer segment membranes are isolated by sucrose gradient 
centri fugati on |5| and washed three times with 0.1 M phosphate 
buffer (pH 6.5). Amidination is carried out with methylpicolini-
midate |15|, as previously described |16|. Acetylation is carried 
out by resuspending the membranes in half-saturated sodium 
acetate, cooling 5 ml suspension (0.25 μΜ rhodopsin, 1.5 mM 
phospholipid) to 00C and adding five 10-pl volumes of acetic an­
hydride under vigorous shaking. After incubation at 20oC during 
1 hr the suspension is centrifuged at 40C (20,000 rpm, Servali 
RC 2B, rotor SS-34), and washed three times with buffer. 
Rhodopsin remains spectrally intact, while 54 of the 60 origin­
ally present amino groups per rhodopsin molecule are acetylated. 
All-trans and 13-cis retinal are obtained from Sigma 
(St. Louis, Mo, USA). Two other mono-cis retináis, 9-cis and 
11-cis retinal are prepared from all-trans retinal by photo-
isomerization |17| and are isolated by preparative high-pressure 
liquid chromatography |18|. 11-Cis retinol is prepared by NaBH. 
reduction of U-cis retinal |19|. 11-Cis retinyl palmitate is 
synthesized by solubilizing 1.5 mg 11-cis retinol (5 pmol) in 
500 yl toluene and 5 yl of freshly distilled pyridine (60 ymol). 
A slight excess of palmitoylchiori de (5.5 imo!) is added and the 
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mixture is allowed to stand for 15 min at 20oC under anhydrous con-
ditions. Isolation is carried out by thick-layer chromatography 
using 10% diethylether in hexane as the eluent. Under appropriate 
conditions (dim red light, nitrogen atmosphere) the yields of 
retinol and retinylester are 100% and the isomeric configuration 
is completely retained. Retinal-oxime is prepared as recently 
described |20|. 
Phosphatidylcholine (egg), phosphatidyl ethanol ami ne (egg) and 
phosphatidylserine (bovine), all purest grade, are obtained from 
Lipid Products (South Nutfield, England). Acetylation of phos-
phatidyl ethanol ami ne is carried out as described above for rod 
outer segment membranes, resulting in complete modification of 
the amino groups. O-methyl-phosphatidylethanolamine is synthesized 
and isolated in analogy to a previously publised synthesis of 
phosphatidylethanolamines |21| from silver-methyl-(N-t-butyloxy-
carbonyl-2-aminoethyl)phosphate and dioleoylglycerol-3-iodohydrin. 
Immediately before use all vitamin A derivatives and phospho-
lipids are checked for their purity by high-pressure liquid 
chromatography and thin-layer chromatography, respectively. 
StandoAd ¿ncubatLon рлосгхЬле. 
A H manipulations involving rod outer segment membranes and 
retinoids |22|, are carried out in darkness or dim red light and 
under nitrogen (oxygen-free), unless otherwise mentioned. 
Suspensions of rod outer segment membranes are prepared by 
shaking. Phospholipid suspensions are prepared from dry films, 
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obtained by evaporating the organic solvent with nitrogen. Buffer 
is added and the phospholipids are removed from the bottom of the 
flask by agitation, followed by sonication at 0oC for 15 min. The 
retinoids are added as a concentrated solution in ethanol. Unless 
otherwise indicated, incubation takes place in 0.06 M phosphate 
buffer (pH 7.2), at 37° in darkness. 
Ex&iaction pKoczdiVii 
To 100 μΐ of a suspension (typically 0.6 - 1.25 mM in phospho­
lipid and 0.1 mM in retinoid), 300 μ! chilled methanol is added. 
After mixing, 300 μΐ dichloromethane is added, mixed again and 
followed by the addition of 200 yl buffer. The suspension is 
thoroughly mixed and centrifuged at lO.OOOxg for 1 min. The lower 
(organic) layer is carefully collected and the aqueous layer is 
oncemore extracted with an equal volume of dichloromethane. The 
combined organic layers are evaporated with nitrogen and the 
residue is dissolved in a hexane/dioxane mixture to a final con­
centration of about 0.5 mM for analysis by high performance 
liquid chromatography. Extractions are normally carried out at 
40C. 
Except for retinal, the recovery of the retinoids always 
exceeds 90%. Retinal recovery is in the order of 30-40%. Isomer-
ization due to the extraction procedure itself can be neglected, 
as checked by adding 11-cis isomers to membrane suspensions, 
followed by immediate mixing, extraction and isomer analysis. 
When retinal is present in the form of Schiff bases, as in rod 
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outer segment membranes, retinal analysis is better carried out by 
the oxime method |14|, which prevents isomerization and gives com­
plete extraction. A nitrogen atmosphere appears necessary only in 
the case of retinol and retinylester. 
Anniyticat pLOczdu/iu 
The isomerization of retinoids is followed by high pressure 
liquid chromatography of the extracted samples, as recently des­
cribed |14,18|. 
The concentrations of retinyl ester, retinol and reti nal-oxime 
in the suspensions are measured at the appropriate wavelength 
after solubilization in Ammonyx LO (1%, w/v). Total retinal is 
determined by the thiobarbituric acid method |23|; a 25 μΐ sample 
of the suspension is mixed with 325 μΐ reagent solution, and 
after centri fugation the absorbance is measured at 530 nm with a 
control measurement at 750 nm. The amount of retinal is calculated, 
using a molar absorbance coefficient at 530 nm of 58,000. 
Schiff base formation, i.e. the percent of retinal bound as a 
Schiff base, is determined by two-wavelength spectroscopy after 
acidification |24|. Addition of 20 yl 2 M HCL to 25 μΐ of the 
suspension is followed by 300 pi Triton X-100 [\%, w/v) in order 
to obtain a clear solution. Under these conditions the absorbance 
maximum of free retinal remains at 380 nm, while all Schiff bases 
of retinal аУ-е converted to their stable protonated forms with an 
absorbance maximum at 440 nm. The ratio ^ллп/^^оп yields the ratio 
protonated Schiff base/free retinal |24|, from which the ratio 
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Schiff base/free retinal in the original suspension can be cal-
culated. 
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RESULTS 
ExpesUmznti іліХк 11-слл /ittinoMb 
In f i r s t instance, the 11-cis retinoids seemed to be of primary 
interest with respect to the dark isomerization reactions in the 
rod outer segment membrane. Table 1 gives the results of incubation 
of retinyl palmitate, ret ino l , retinal and retinal-oxime under 
standard conditions. Isomerization of 11-cis retinyl palmitate and 
11-cis retinol is negligible, although after 24 hr of incubation 
of 11-cis retinol 132 all-trans and a trace of 13-cis retinol is 
found. Even 11-cis retinal-oxime seems prone to some isomerization, 
as after 72 hr 8% appears as all-trans retinal-oxime. 
Tabli 1 
retinyl palmitate 
retinol 
retinal 
retinal-oxime 
Isomeric 
11-cis 
96 
93 
20 
100 
configurât 
all-trans 
4 
7 
62 
0 
ion (%) 
13-cis 
0 
0 
18 
0 
Degradation 
< 10 
< 10 
30 
< 5 
The most relevant result of Table 1 is the rapid and drastic 
isomerization of 11-cis retinal upon incubation with rod outer 
segment membranes. The products, all-trans and 13-cis retinal, are 
often found in a ratio of about 4:1. Another phenomenon, which 
occurs to an appreciable extent only in the case of the aldehyde, 
is partial degradation to compounds which are no longer detectable 
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by the thiobarbitunc acid assay. These data warrant a more detail-
ed look at the reactions of 11-cis retinal and other retináis under 
comparable conditions. 
Component cataJLyz<LnQ 11-сл/> letinat ¿bomvü-zation 
We have first attempted to answer the question, whether a 
particular component of the rod outer segment membrane causes the 
observed phenomena. In a first series of experiments, 11-cis 
retinal is incubated under standard conditions in suspensions of 
rod outer segment membranes, which have previously been subjected 
to various treatments. The effect of native rod outer segment 
membranes is compared to that of membranes held at 100oC during 
30 min, resulting in complete denaturation of rhodopsin, and to 
that of membranes in which the amino groups have been blocked with 
either methylpiccolinimidate or acetic anhydride (90% amino group 
modification in each case). The results (Table 2, upper section) 
show that denatured membranes are as active as native membranes, 
but blocking of 90% of the amino groups drastically inhibits iso-
meri zati on. Hence, the involvement of an enzymatic process is very 
unlikely, but amino groups seem to play an important role. 
In a second series of experiments the major lipid components of 
the membranes were tested (Table 2, middle section). The isomer-
ization is also induced by an extract of rod outer segment lipids. 
When the three major phospholipids present in rod outer segments 
are tested separately, only phosphatidyl ethanol ami ne shows a com-
parable effect. The high degree of unsaturation of the rod lipids 
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does not seem to be essential, since egg phosphatidylethanolamine 
which is much more saturated gives the same degree of isomerizatio 
ТаЫг 2 
Test system 
Rod outer segment membranes 
Thermally denatured rod outer 
segment membranes 
Amidinated rod outer segment 
membranes 
Acetylated rod outer segment 
membranes 
Rod outer segment l i p i d s 
Egg phosphatidylcholine 
Egg phosphatidylethanolamine 
Brain phosphatidylserine 
Phosphatidylethanolamine/ 
phosphati dy lchol i ne 
N-acetyl-phosphatidylethanol-
ami ne/phosphati dylchol i ne 
O-methyl-phosphatidylethanol-
ami ne/phosphati dylchol i ne 
Octadecylami ne/phosphati dy 1-
choline 
O-ethanolamine phosphate/ 
phosphatidylcholine 
Residual 
11-cis r e t i n a l 
(%) 
20 
20 
80 
90 
20 
100 
20 
80 
50 
90 
100 
90 
100 , 
Residual 
r e t i n a l 
{%) 
65 
n.d. 
90 
95 
n.d. 
100 
60 
85 
50 
85 
100 
90 
100 
Pure phosphatidylethanolamine forms very unstable suspensions, 
but this problem can be overcome by using 1/1 (w:w) mixtures with 
phosphatidylcholine. A third series of experiments (Table 2, lower 
section) shows that blocking of the amino group as well as blockin 
of the phosphate group of phosphatidyl ethanol ami ne prevents isomer-
ization. Similarly, the mere presence in phosphatidylcholine 
membranes of amino groups (from octadecylamine) or the intro-
duction of O-ethanolamine-phosphate, which remains in the aqueous 
phase, does not lead to isomerization of 11-cis retinal. 
The data of Table 2 suggest that the substantial dark-isomer-
ization of 11-cis retinal is specifically catalyzed by intact 
phosphatidylethanolamine only. This Table also demonstrates that 
under conditions in which 11-cis retinal is isomerized, it is 
consistently degraded as well. The disappearance of retinal is 
shown both by the thiobarbituric acid assay and by direct spectral 
measurement at 380 nm (after solubilization in detergent). The 
degradation reaction occurs independently of the presence of 
nitrogen, oxygen or antioxidant (tocopherol, butylated hydroxy-
toluene). Therefore, trivial oxidation is not involved. 
The parallel occurrence of isomerization and degradation 
suggests a common origin of both reactions, related to the inter-
action between retinal and phosphatidylethanolamine. This inter-
action involves almost certainly Schiff base formation, as shown 
by experiments to be dealt with later in this paper. However, mere 
Schiff base formation is not sufficient in view of the minor iso-
merization observed in the systems octadecylami ne/phosphatidyl-
choli ne and 0-methy1-phosphati dylethanol ami ne/phosphati dy1choli ne, 
in which almost all retinal is found to be bound as a Schiff base. 
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Сотралілоп о^ аЛІ-ілам and mono-c¿& кеАлпоАл 
Experiments, in which 11-cis r e t i n a l was replaced by a l l - t r a n s 
or 13-cis r e t i n a l , at f i r s t seemed to confirm the general pattern 
described in the previous sections v i z . that of simultaneous iso-
merization and degradation in the presence of phosphatidylethanol-
amine. A more thourough comparison became desirable when we 
real ized that the isomerization patterns of a l l - t r a n s and 13-cis 
r e t i n a l are simpler than that of the 11-cis isomer. 
Incubation of a l l - t r a n s r e t i n a l with rod outer segment membranes 
leads to the formation of 13-cis r e t i n a l only (F ig. 1) . 
100-K-
ilg. 1. Dark isomerization of a l l - t rans r e t i n a l in rod outer 
segment membrane suspension. A l l - t rans r e t i n a l ( f i n a l 
concentration 0.1 mM) is added in a small volume of ethanol to 
1 ml of a rod outer segment membrane suspension (0.025 mM rhodop-
s i o , 1.5 mM phospholipid) in 60 mM phosphate buffer (pH 7.2) at 
37 C. Samples are analyzed by high pressure l i q u i d chromatography 
( )
 a n d the t h i o b a r b i t u r i c acid method ( — ) . A l l - t rans r e t i n a l (T) ; 13-cis r e t i n a l (A), t o t a l r e t i n a l ( 0 ) . 
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Within 30 min an equi l ibr ium is established with 78% a l l - t rans and 
22% 13-cis r e t i n a l . Incubation of 13-cis re t ina l under these 
conditions leads, w i th in 1 hr , to the same equi l ibr ium mixture 
(Fig. 2). 
100 
120 
(min) 
F-tg. 2. Dark isomerization of 13-cis retinal in rod outer segment 
membrane suspension. Conditions as in Fig. 1. All-trans 
retinal (T); 13-cis retinal (A), total retinal (0). 
In both cases about 30-40% retinal degradation occurs in this 
time, but the degradation reaction continues at the same rate 
after the equilibrium between the two isomers has been established. 
Analysis of the time course of 11-cis retinal isomerization to 
all-trans and 13-cis retinal (Fig. 3) shows that the reaction pro-
ceeds slowly as compared to the isomerization of all-trans and 13-
cis retinal. After 2 hrs the equilibrium (probably without any 11-
cis retinal left) apparently has not yet been reached. All-trans 
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0 30 60 90 120 
(min) 
F-Lg. 3. Dark isomerization of 11-cis retinal in rod outer segment 
membrane suspension. Conditions as in Fig. 1. All-trans 
retinal (T); 13-cis retinal (A), 11-cis retinal (•), total retinal 
(0). 
retinal may be the primary product, since the all-trans/13-cis 
product ratio decreases during the reaction. The degradation 
reaction seems to occur at a rate similar to that of the other two 
isomers. 
Similar results are obtained by replacing the rod outer segment 
membranes by phosphatidylethanolamine or a phosphatidylethanol-
amine/phosphatidylcholine mixture. The experiments presented so 
far show that the three retináis tested are isomerized by the 
phosphatidylethanolamine of rod outer segment membranes, probably 
to an equilibrium mixture containing only all-trans and 13-cis 
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retinal in a ratio of approximately 4:1. 
Investigation of the behavior of 9-cis retinal under similar 
conditions initially gave some problems. Incubation of this com­
pound with rod outer segment membranes in darkness suggested 
partial conversion of 9-cis retinal to another retinal isomer. 
However, adequate analysis was complicated by a poor resolution 
of the newly formed compound from endogenous 11-cis retinal during 
HPLC. Therefore 9-cis retinal was incubated in a 1:1 phosphatidyl-
ethanolamine/phosphatidylcholine suspension. It is then converted 
to a compound, which both in the free form and as an oxime shows 
elution times very close to, though not identical with those of 
11-cis retinal. A small amount of the free form has been isolated 
and its absorbance spectrum recorded in hexane between 250 and 
450 nm. The absorbance maximum at 359 nm and the АрЗО^ЗбО r a t^ 0 
of about 0.15 are characteristic for 9,13 di-cis retinal |25|, and 
the latter value definitely eliminates 11-cis retinal as the 
product. Positive identification of 9,13 di-cis retinal by reacting 
it with opsin under non-isomerizing conditions |26| awaits isolation 
of a sufficiently large amount of the isomer. 
The time course of the isomerization of 9-cis retinal (Fig. 4) 
shows that an equilibrium is established with 75% 9-cis retinal 
and 25% of the supposed 9,13 di-cisretinal within 30 min. As is 
the case with the other isomers, degradation is observed which 
continues after the equilibrium has been reached. 
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100 
F-új. 4. Dark isomeri zation of 9-cis re t ina l i n phosphatidylcholine/ 
phosphatidylethanolamine suspension. Conditions: 37 C, 
60 mM phosphate buffer (pH 7.2) , i n i t i a l l y 0.1 mM 9-cis r e t i n a l , 
0.6 mM phosphatidylcholine, 0.6 mM phosphatidylethanolamine. Total 
re t ina l ( 0 — 0 ) ; 9-cis re t ina l (T ) , 9,13 d i -c i s re t ina l (A). 
ExpeAbnzwtA with 13-СІ& KzZinat 
Since 13-cis r e t i n a l , apart from degradation, forms a single 
product a l l - t r a n s r e t i n a l , i n r e l a t i v e l y high y i e l d , t h i s isomer 
is most suitable to explore fur ther deta i ls of the isomerization 
react ion. 
The r e l a t i o n between the concentration of phosphatidylethanol­
amine and the isomerization of 13-cis r e t i n a l is demonstrated i n 
Fig. 5. At the lowest phosphatidylethanolamine concentration there 
appears to be a lag period of about 5 min. Disregarding t h i s lag 
peri od , i t i s cl ear that the i ni t i al rates of formati on of al 1 -trans 
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F-ú}. 5. Dark isomerization of 13-cis retinal in phosphatidyl-
choline/phosphatidyl ethanol ami ne suspension at three 
phosphatidylethanolamine concentrations. Conditions: 37 С 60 mM 
phosphate buffer (pH 7.2), 0.1 mM 13-cis retinal, 0.1 mM 
phosphatidylcholine (·) or 0.3 mM phosphatidylethanolamine + 
0.9 mM phosphatidylcholine (A) or 0.5 phosphatidylethanolamine + 
0.7 mM phosphatidylcholine (ш). 
retinal are roughly proportional to the phosphatidylethanolamine 
concentrations, since 10 min after the addition of 13-cis retinal 
57, 28 and 7% isomerization is found in suspensions containing 5, 
3 and 1 phosphatidylethanolamine per retinal, respectively. At the 
same time 80, 69 and 53% of the retinal is found as Schiff base, 
respectively. Hence, no proportionality between the isomerization 
and the Schiff base concentration is evident under these conditions. 
The isomerization of 13-cis retinal in the presence of phos­
phatidylethanolamine is dependent on the pH. From pH 5.5 to pH 8.0 the 
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rate of isomeri zation considerably increases at a constant 
phosphatidylethanolamine concentration (Fig. 6). 
100 100-
- i — I I 
10 20 
(min) 
ι ι ι — г 
10 20 
(min) 
F-tg. 6. Dark isomerization and Schiff base formation of 13-cis 
retinal in phosphatidylcholine/phosphatidylethanolamine 
suspension at three pH values. Conditions: 37 C, 0.1 mM 13-cis 
retinal, 0.6 mM phosphatidylcholine, 0.6 mM phosphatidylethanol-
amine, 60 mM phosphate buffer of pH 5.3 (·) or pH 6.5 (•) or 
pH 8.0 (A). 
Simultaneous determination of the Schiff base concentration yields 
the values shown in the right part of Fig. 6, which suggest a 
possible relationship between degree of isomerization and Schiff 
base concentration. Schiff bases can occur either in a protonated 
(λ 440 nm) or an unprotonated form (λ 360 nm). Although 
exact analysis is difficult in a system containing free retinal 
(λ 380 nm) and both types of Schiff bases, the absorbance 
spectra at the different pH values indicate that the protonated 
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species strongly dominates at pH 5.5 and the non-protonated species 
at pH 8.0. This seems to eliminate an unique role of either species 
in the isomerization. 
Further support for a correlation between degree of isomer-
ization and Schiff base concentration can be derived from the 
influence of detergent. Incubation with 1% (w/v) ß-nonylglucose or 
Triton X-100 for 10 min causes 70 and 85% decreases in the isomer-
ization rate, and 55 and 75% decreases in the Schiff base concen-
trations, as compared to the situation in the absence of detergent 
(Fig. 7). 
100 100-
M i l l i 
О 5 10 
(min) 
F.¿g. 7. Dark isomerization and Schiff base formation of 13-cis 
retinal in phosphatidylcholine/phosphatidylethanolamine 
suspension in the presence or absence of detergents. Conditions: 
37 C, 60 mM phosphate buffer (pH 7.2), 0.1 mM 13-cis retinal, 
0.6 mM phosphatidylcholine, 0.6 mM phosphatidyl ethanol ami ne, 
without detergent (в) or in IX nonylclucose (A) or in 1% Triton 
X-100 (·). 
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The detergent effect on the i someri zati on led us to test whether 
the phosphatidylethanolamine catalyzed isomerization also occurs in 
the absence of lipid aggregates. Repeated evaporation of a mixture 
of 100 nmol 13-cis retinal and 600 nmol each of phosphatidyl-
ethanolamine and phosphatidylcholine in anhydrous methanol leads 
to complete Schiff base formation |27|. Retinal analysis by the 
oxime method shows that no detectable isomerization has taken 
place, notwithstanding the fact that the Schiff base has been 
maintained for at least 30 min in the methanol solution. However, 
upon addition of water rapid isomerization takes place. 
The data of Figs. 5-7 are not suitable for exact kinetic 
analysis. This is due to the inherent inaccuracy of methods 
which require sampling and elaborate manipulation before measure-
ments can be made, as well as to the lag period phenomena observed 
in Fig. 5. Nevertheless, our observations demonstrate that at 
least three factors are important in the relation between the 
retinal isomerization and phosphatidylethanolamine: i. the con-
centration of the phospholipid, ii. the Schiff base concentration, 
and iii. the presence of lipid aggregates. 
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DISCUSSION 
?ho¿pka¿¿dy¿e¿lia.no¿tmíne. di a. coXaly-it o¿ ieXÁ.mZ ¿bornvU-zation 
Frpm the foregoing experiments i t is clear that phosphatidyl-
ethanolamine catalyzes the isomerization of retináis in darkness. 
The different retinal isomers show a remarkable specificity pattern 
in this respect: 9-cis •*• 9,13-di-cis, 11-cis •+ 13-cis + al l - t rans, 
13-cis •• all-trans and all-trans •+• 13-cis ret inal . Except for the 
all-trans •+ 9-cis isomerization |6-9| and the never confirmed a l l -
trans -*• 11-cis isomerization |4,6,12,13|, this can explain a l l 
previous reports on this subject summarized in Table 3. 
Table. 3 іііллаіилг data on dank ¿iomz/UzatAxm 0$ fL&tcnaJL ¿іотглл 
Type of isomerization 
11-cis -»• all-trans 
all-trans + 11-cis* 
ll-cis -»· all-trans 
all-trans •*• 9-cis 
all-trans •*• 9-cis, 13-cis 
11-cis -»• 9-cis, all-trans, 
13-cis 
all-trans -*- 9-cis, 13-cis 
11-cis ·* all-trans, 13-cis 
9-cis ->• 9,13-di-cis 
11-cis -»• all-trans, 13-cis 
all-trans •* 13-cis 
13-cis •+ all-trans 
Reaction conditions 
water soluble factor from 
bovine retina, 1-2% digitonin, 
pH 5.5-11 
rod outer segment membrane sus­
pension, pH 6.5 
rod outer segment membrane sus­
pension, bacterial supernatant, 
reducing conditions, pH 6.5 
nucleophiles (FADH2), reducing 
conditions, pH 6.8-7.4 
nucleophiles (FMNH2), reducing 
conditions, 0.05% Triton X-100, 
pH 6.8-7.4 
rod outer segment membrane sus­
pension, pH 8.5 
crude tissue extract, 0.1% Triton 
X-100 or 0.1% digitonin, pH 9-10 
Ref. 
4 
5 
6 
7,8 
9 
10 
11 
*Not reproducible in the hands of three other groups |6,12,13|. 
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Phosphatidylethanolamine constitutes about 40% of the phospholipids 
in the rod outer segment membrane. The "water-soluble factor from 
bovine retina" |4| and the "crude tissue extract" |11| must have 
contained microsomes and hence phosphatidylethanolamine, consider-
ing the relatively low g-values used during their.preparation. This 
is not meant to imply that isomerizations of this type are ex-
clusively caused by phosphatidylethanolamine. The result of Sack 
and Seltzer |11|, who report exactly the same specificity pattern 
as found in the present study, suggests that at least part of their 
activity is due to protein. 
?oi¿¿ble. mzchanlbm o¿ thz. phoiphouUnylvthanobmLni aataZyzzd ¿ьо-
mztizautcon 
The catalyzing effect of phosphatidylethanolamine seems to re­
quire a free amino group, a free phosphate group (Table 2) and an 
appropriate mi eel lar environment. The isomerization reaction shows 
characteristics of a bimolecular reaction with retinylidene-phos-
phatidylethanolamine and phosphatidylethanolamine as the kinetical-
ly important reactants. A model for the phosphatidylethanolamine 
catalyzed isomerization of retinal must explain these observations. 
Retinal and its Schiff bases are known |28,29| to have de­
creased electron densities at the odd C-atoms of the conjugated 
polyene side chain (C-15, C-13, etc.), which makes these sites 
susceptible to nucleophilic attack. Geometric isomerization of 
double bonds by nuclophilic reagents is a well-known phenomenon 
|30|, which has previously been proposed for retinal by Futterman 
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et al |7-9| and by Sack and Seltzer |11|. The latter authors 
present a model for this reaction, in which the nucleophilic 
attack on the C-13 atom causes a shift of the double bond. The 
intermediate has a single C-13,14 bond which allows rotation. 
Release of the nucleophile then reestablishes the original con­
jugated double bond system, which thus effectively results in 
13 geometric isomerization of the Δ double bond. 
Our results strongly suggest that isomerization only occurs 
when a Schiff base is formed with retinal. This requires, of course, 
a free amino group. Schiff base formation can provide a mutual 
orientation of the retinal and phosphatidylethanolamine moieties in 
the resulting retinylidene-phosphatidylethanolamine. Nucleophiles 
are available in the phosphatidylethanolamine molecule in the form 
of the oxygen functions of the phosphate group, whether or not 
mediated by water molecules. Molecular models (Stuart, Dreiding) 
show that these oxygens can easily reach the C-13 atoms in all-
trans, 13-cis and 9-cis retinylidene-phosphatidylethanolamine, 
when reasonable assumptions are made with respect to the planarity 
of the last part of the polyene side chain |31|. In a model of 11-
cis retinylidene-phosphatidylethanol ami ne, built according to the 
X-ray data of Guardi et al |31|, i.e. with a planar fragment from 
C-12, 141° rotated out of the plane from a planar 12-s-trans con­
formation, the oxygen functions can also closely approach the C-ll 
atom. This Schiff base formation between retinal and phosphatidyl­
ethanolamine seems to allow the formation of an "active inter­
mediate" as defined by Sack and Seltzer |11|. However, stereo-
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models illustrate that intermediates of this type with a close 
approach of the phosphate oxygen and the C-13 atom (or the C-ll 
atom in 11-cis retinal) cannot undergo isomerization due to steric 
hindrance. 
The concentration dependent role of phosphatidylethanolamine, 
other than its significance for the formation of Schiff base 
(Fig. 5), suggests that a second phosphatidylethanolamine may 
attack 13-cis retinylidene-phosphatidyl-ethanolamine. It 1s con­
ceivable that the amino group of this second phosphatidylethanol­
amine provides another nucleophilic attack, now on the C-15 atom 
of the Schiff base, while at the same time its phosphate group may 
than approach the C-13 atom. Thus, the C-13 •* C-15 stretch of the 
polyene chain is most likely positioned in a region with a high 
negative charge density, which could preferentially "localise" a 
delocalised positive charge 1n this region, thereby largely pre­
venting spreading of the positive charge further down the chain, 
Such a multiple nucleophilic attack might enhance the π-electron 
delocalization of the last part of the conjugated polyene system 
over a distance determined by the reach of the phosphate oxygens. 
Thus, an "intermediate" can be imagined, in which the destabilized 
part of retinal shuttles between two phosphatidylethanolamine 
molecules during transiminisation (Fig. 8). Restoration of the 
conjugated double bond system in this dynamic equilibrium would 
then be expected to occur according to the thermodynamic equilibrium 
situation of retinal isomerization, conditioned by the in­
accessibility of the other C-C double bonds. This appears to be the 
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fZg. S. S impl i f ied molecular model f o r phosphatidylethanolamine 
catalyzed r e t i n a l isomerization around the Δ13 double bond. 
Hatched rectangle: diglyceride moiety of phosphatidylethanolamine; 
cross-hatched rectangle: C.-C.p fragment of r e t i n a l . 
case since Sperling et al |32| f i n d the equi l ibr ium mixture of 
r e t i n á i s , obtained in chloroform with t r i f l uo roace t i c acid as a 
ca ta lys t , to contain a l l - t r ans and 13-cis re t ina l i n a ra t io of 3:1 
(with some 9-cis and 9,13-dicis r e t i n a l . This is very close to the 
values for phosphatidylethanolamine catalyzed isomerization of a l l -
t rans, 13-cis and 9-cis re t ina l found in the present study. 
Thus we arr ive at the fol lowing model: 
a) 13-cis re t ina l + phosphatidylethanolamine!++ 
13-cis retinylidene-phosphatidylethanol ami ne 
b) 13-cis retinylidene-phosphatidylethanolaminei + phosphatidyl-
ethanolaminea-«-* a l l - t rans re t i nyl i dene-phosphatidyl ethanol-
ашіпег + phosphatidylethanolaminei 
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с) all-trans retinylidene-phosphatidylethanolamine2 •*-*• all -trans 
retinal + phosphatidylethanolaniine2 
Tuting 0({ thz ріороіЫ m&chanlim 
Although the molecular details of this model need experimental 
confirmation, it satisfactorily explains the isomerization patterns 
obtained with all-trans, 13-cis and 9-cis retinal. The inaccessibil­
ity of C-C double bonds halfway along the side chain may be due to 
the limited reach of the phosphate nucleophiles, when the amino 
group is fixed with respect to the C-15 atom. The burying of these 
double bonds in the hydrophobic core of the membrane may also be 
relevant. 
A similar model can, in principle, explain the isomerization of 
11-cis retinylidene-phosphatidylethanolamine. In this case the model 
is less symmetric, since retinal can no longer be reisomerized to 
this conformation, once the Δ double bond is isomerized. The lower 
isomerization rate of 11-cis retinal, as compared to that of all-
trans, 9-cis and 13-cis retinal, suggests that the overall reaction 
requires a higher activation energy. A nucleophilic attack on the 
C-ll atom, resulting in all-trans retinal, is apparently more pro­
bable and successful than an attack on the C-13 atom, which would 
lead to the thermodynamically highly unstable 11,13-dicis retinal. 
Phosphatidylethanolamine seems rather specific in catalyzing the 
isomerization of retinal (Table 2). Phosphatidylserine is much less 
active and also forms much less Schiff base at neutral pH, which is 
possibly due to a shielding effect of its additional carboxyl group. 
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O-ethanolamine phosphate, a water soluble substance, has no activity . 
at all, and hardly forms Schiff base at a concentration 100 times as 
high as that at which phosphatidyl ethanol ami ne binds over 70? of the 
retinal present. This is clearly due to the dispersion of its amino 
groups over the entire solution, whereas phosphatidyl ethanol ami ne 
(and also retinal) accumulates in the relatively small volume of the 
hydrophobic aggregates. The latter factor can only play a minor role 
in the system octadecylamine/phosphatidylcholine, which undoubtedly 
forms a bil ayer membrane. Both amino and phosphate groups are 
available and abundant Schiff base formation is observed, but never-
theless it causes relatively little isomeri zation. Most likely the 
lack of orientation between retinal and the phosphates of phos-
phatidylcholine is important in this case. Although these groups are 
concentrated in or near the hydrophobic phase, they are apparently 
much less effectively directed towards the receptive sites on the 
retinal side-chain than is the case for retinylidene-phosphatidyl-
ethanolamine. 
The latter statement requires some qualification., Retinylidene-
phosphatidyl-ethanolamine does not show isomerization in methanol 
Solution, in which phospholipids are known to be monomolecularly 
dispersed. This suggests that a miceller arrangement is essential 
for isomerization. This would greatly increase the chance of 
collision between the Schiff base and the second phosphatidyl-
ethanolamine molecule. Moreover, a juxtaposition of the hydrophobic 
retinal moiety with the acyl chains of the phospholipid in a bi-
layer or a biomembrane would considerbably enhance the chance for 
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the phosphate groups to approach the reactive si'tes on the retinal 
side chain. 
Summarizing, we propose that Schiff base formation between 
retinal and phosphatidylethanolamine in an aqueous system (i) leads 
in a membrane or micelle to a molecule that is folded backwards in 
a specific juxtaposition of retinal and phosphatidylethanolamine 
moieties, which (ii) allows efficient nucleophilic attack on struc-
turally determined C-atoms of the polyene chain and (iii) results 
in isomerization of double bonds. The kinetic measurements, on which 
this model rests, are complicated by the fact that they are largely 
carried out in a two-phase system in which variation of concentra-
tions and conditions may have unknown effects on the structure of 
the lipid aggregates. Nevertheless it represents in our opinion the 
simplest model, which rather specifically explains our observations 
on the isomerization of retináis. Elements of it may be relevant in 
the case of the phosphatidylethanolamine catalyzed condensation of 
saturated, long-chain aldehydes to 2,3-dialkylacroleins |33|. The 
relation with the isomerization of all-trans to 9-cis retinal |6-9|, 
which also seems to involve isomerization of double bonds by nucleo-
philic reagents, will be discussed in the following section. 
Isomerization of retinal in the presence of phosphatidylethanol-
amine is always accompanied by disappearance of retinal, which does 
not occur under non-isomerizing conditions. We have no indications 
about the nature of this degradation process, but its being coupled 
with the isomerization process suggests that an intermediate in 
this process may also decay in another direction with permanent dis-
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ruption of the conjugated polyene system. The fact that the degra-
dation continues after isomeric equilibrium has been reached would 
then illustrate the dynamic nature of this equilibrium. 
Vhyi-LologicxLt ¿¿gnii-icancz 
Re-isomerization of all-trans to 11-cis retinal, as occurring in 
the visual cycle, has never been observed Ал vWw in the absence of 
light. Futterman and Rollins |7| have previously argued that the 
dark isomerization of all-trans to 9-cis and 13-cis retinal, 
catalyzed by water soluble nucleophiles like dihydroflavins, may re­
present a model for the physiological rei somerization of all-trans 
retinal. They state that "immobilization of the polyene chain of 
all-trans retinal in an appropriately rigid hydrophobic environment 
may be necessary, while the dihydroflavin interacts with the carbo-
nyl group in order for isomerization to occur specifically at the 
trans-Δ double bond". Although we also never observed 11-cis 
retinal as the product of i somerization,elements of this hypothesis 
seem to be substantiated by our experiments. Namely, insofar as 
restriction of the nucleophilic attack (on the C-13 atom) is shown 
to be possible by an interaction with the carbonyl group and the 
presence of a hydrophobic phase. Hence, this suggests that the In 
vivo re-isomerization may occur by fixation of all-trans retinal on 
'an adequate surface (opsin?) and a localized nucleophilic attack on 
the C-ll atom, followed by trapping of the isomerized chromophore 
by opsin. Re-isomerization of the ester or alcohol seems less like­
ly, since isomerization of these compounds apparently is much more 
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difficult (Table 1 and ref. 7). 
Another aspect of our study regards the fact that retinal is so 
easily isomeri zed by membranes containing phosphatidylethanol amine. 
This phospholipid is ubiquitously present in animal membranes, yet 
13-cis retinal has not been observed to occur in animals. This in-
dicates that retinal ¿n vivo is always protected from its environ-
ment. In the visual cycle this is known to be the case for 11-cis 
retinal as the chromophore in the visual pigment, but it also must 
mean that the photolytic product all-trans retinal as well as the 
11-cis retinal serving as the substrate for visual pignent re-
generation are not transported as free molecules. Rather, product 
and substrate will be transferred, either directly from opsin to 
reti nol dehydrogenase or vice versa, or else by means of retinal 
(retinol) transport protein. This conclusion implies that the 
physiological relevance of the use of free retinal isomers in 
experimental studies of regeneration and of retinol dehydro-
genase is questionable and that the possible role of "retinal 
binding proteins" |34| in these processes deserves attention. 
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SUMMARY 
About 3,500 years ago, liver which is rich in vitamin A was used to 
treat eye diseases in Egypt and China. In our days it has become 
clear that vitamin A is involved in a variety of biochemical pro-
cesses. Its mode of action is, however, still unsolved, except in 
the case of the visual process. 
The therapeutic and prophylactic effect of vitamin A on tumour 
growth is a matter of current interest, but our understanding of 
this effect is complicated by the fact that the tested derivative 
may undergo biochemical transformation before the target is reached. 
Hence, in that case the effective compound is not known. For the 
visual system this is not a problem, since here it is well under-
stood that retinol, retinal and retinyl esters, in two isomeric 
forms are involved. 
The present study on vitamin A (retinoid) derivatives is mainly 
directed to their role in vision, but it may have a much broader 
field of application. 
Chapter 1 presents the properties and metabolic aspects of vitamin 
A in general and as pertaining to the visual system, and it dis-
cusses our current understanding of the visual cycle, the vitamin 
A recycling system in vision. The involvement of specific binding 
proteins is emphasized. 
Chapter 2 reviews the analysis of geometrically isomeric vitamin 
A compounds relevant to vision. It is shown that in high pressure 
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liquid chromatography (HPLC), using silica as the stationary phase 
and hexane/dichloromethane as the eluent, all prominent isomers of 
retinyl esters, retinol and retinal are quantitatively analysed. 
All isomers of retinal can be isolated on a preparative scale by 
means of the same non-destructive technique. From retinal isomers 
all other derivatives can be prepared and isolated on a preparative 
scale under conditions comparable to those used in their analysis. 
The problems with regard to the extraction of retinal from its 
biological compounds are presented at the end of this chapter, and 
are discussed in more detail in the following chapters. 
Retinal analysis in biological samples is complicated, which 
necessitates conversion of its very reactive carbonyl group with 
hydroxylamine. The identification and characterization of the 
resulting reti naloximes are presented in chapter 3. 
Mass spectroscopy is used to demonstrate the presence of reti nal-
oximes and nuclear magnetic resonance spectroscopy (NMR) allows 
the identification of the ¿yn and anti isomers. 
Application of the oxim formation method is demonstrated in 
chapter 4, using several retinal bearing pigments: rhodopsin, 
photolytic products of rhodopsin, isorhodopsin and bacteriorhodop-
sin. It is shown that the recovery of retinaloximes Is 90% or 
better, a drastic improvement over the known procedures, which 
resulted either in low recovery (<30%) or a high degree of iso-
meri zati on. It is remarkable that the ¿yn/cuvU ratio observed in 
this case is considerably lower than that obtained when oxim 
formation takes place with free retinal in a simple methanol/water 
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system. 
Retinais are very sensitive to i somen'zation and degradation 
when they are incubated in their natural environment, the rod 
outer segment. In chapter 5, it is shown that phosphatidyl ethanol-
amine plays a crucial role in both processes. 
Schiff bases of phosphatidyl ethanol ami ne (PE) with retinal are 
formed at the membrane/water interphase. The resulting retinyl-
idene-PE complex is susceptible to attacks by nucleophiles at 
distinct positions on the retinal side-chain. The nucleophiles 
are the phosphate group of the retinylidene-PE complex or the 
amino- or phosphate group of neighbouring PE-molecules. This may 
result in a short living intermediate consisting of a carbonium 
ion, through which isomerization can occur by n-electron de-
localization. 
Regardless of the original isomer, the final situation results in 
an equilibrium between all-trans and 13-cis retinal, when starting 
with 11-cis, 13-cis or all-trans retinal. With 9-cis retinal the 
resulting equilibrium contains 9-cis and 9,13-di-cis retinal. The 
proposed model explains both phenomena. 
Sofar we have no explanation for the observed degradation of 
retináis. Hardly any spectroscopically detectable product is ob-
served, indicating that the conjugated n-electron system is great-
ly disturbed. 
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SAMENVATTING 
In Egypte en China gebruikte men 3500 jaar geleden reeds leverpre-
paraten die rijk zijn aan vitamine A, bij het behandelen van oog-
ziekten. Inmiddels is bekend dat vitamine A betrokken is bij vele 
biochemische processen. Behalve voor het visuele proces, de ver-
werking van fotonen in de lichtgevoelige retina, weten wij nauwe-
lijks hoe vitamine A bij deze processen betrokken is. Daarbij heeft 
vooral het onderzoek naar therapeutische en profilaktische effekten 
van vitamine A op tumorgroei een hoge prioriteit. 
Een van de moeilijkheden vormt de mogelijke biochemische omzet-
ting van het geteste derivaat, zodat er omtrent de uiteindelijke 
aktieve vorm geen eenduidige uitspraak mogelijk is. Bij het zien 
weten wij dat, naast retina! als chromofoor van de fotopigmenten 
ook retinol en retinylesters een rol spelen, waarbij het voorkomen 
van twee isomere vormen een extra complicatie betekent. 
Hoewel de hier gepresenteerde resultaten in eerste instantie ge-
richt zijn op het onderzoek van het visuele proces, liggen de toe-
passingsmogelijkheden wellicht ook op andere terreinen van het 
vitamine A-onderzoek. 
Hoofdstuk 1 is bedoeld als een inleiding tot de vitamine A-proble-
matiek met speciale aandacht voor de gebruikte nomenclatuur, de op-
name in het lichaam en enkele algemene metabole aspekten van vita-
mine A en het visuele systeem, en behandelt verder de tegenwoor-
dige kennis van de vitamine A-cyclus in het oog. Extra aandacht is 
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hierbij besteed aan de rol die vitamine A bindende eiwitten moge-
lijk vervullen. 
In hoofdstuk 2 wordt een overzicht gegeven van de analyse van 
vitamine A-derivaten, betrokken bij het visuele proces. Met behulp 
van hoge druk vloeistof chromatografie (HPLC) kunnen alle relevan-
te isomeren gescheiden worden op silica (5-10 ym korrel grootte) 
kolommen en mengsels van hexaan en dioxaan als eluentia. Voor alle 
componenten is de methode snel, niet destructief, zeer gevoelig. 
quàntitatief en ook op preparatieve schaal toepasbaar. Aan het 
einde van dit hoofdstuk wordt reeds ingegaan op de problemen die 
een rol spelen bij de extractie en de analyse van retinal in bio-
logische preparaten. 
In de volgende hoofdstukken wordt dit in detail behandeld. 
Kern van de hierboven vermelde problemen met betrekking tot re-
tinal vormt de zeer reaktieve carbonyl groep, die een volledige 
extractie in de oorspronkelijke geometrische vorm onmogelijk maakt. 
Daartoe is omzetting van deze groep met hydroxy!ami ne tot retinal-
oxim nodig. De identificatie en karakterisering van de gevormde ¿yn 
en anti oximen met behulp van o.a. massaspectroscopie en kernspin 
resonantiespectroscople (NMR) worden beschreven in hoofdstuk 3. 
De toepasbaarheid van de reti nal extractiemethode wordt in hoofd-
stuk 4 aangetoond aan de hand van de analyse van enkele retinal 
bevattende pigmenten: rhodopsine, fotolyseprodukten van rhodopsine, 
isorhodopsine en bacteriorhodopsine. De opbrengst van de geanaly-
seerde retinaloximen 1s doorgaans 90% of beter, en derhalve een 
enorme vooruitgang tegenover de tot nu toe gehanteerde methodes 
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die of een lage (<30%) opbrengst of een sterke isomerisatie te zien 
gaven. Opmerkelijk is een duidelijk verlaagde ¿yn/arvtL verhouding 
in vergelijking met de in methanol/water gevormde retinaloxim stan-
daarden. 
Behalve dat retinal slecht extraheerbaar is, vertoont het bij in-
cubatie in biologische preparaten isomerisatie en afbraak. In hoofd-
stuk 5 wordt aangetoond dat hierbij een belangrijke membraancompo-
nent, fosfatidylethanol amine een essentiële rol speelt. Deze ver-
binding vormt daarbij aan het membraanoppervlak in de interfase tus-
sen waterige en lipide fase een Schiffse base met retinal gevolgd 
door een nucleofiele aanval op een bepaalde plaats in de zijketen 
van het retinal. Als nucleofiel kan daarbij optreden de fosfaat-
groep van het retinylideen-PE complex of de amino of fosfaatgroep 
van een naburig PE molecuul. Dit resulteert in een gestabiliseerd 
carboniurn ion dat na verplaatsing van de dubbele binding, isomeri-
satie mogelijk maakt. 
Onafhankelijk van de uitgangssituatie ontstaat er bij incubatie 
van 11-cis, 13-cis en all-trans retinal steeds een evenwichtssitua-
tie, waarbij ongeveer 75% all-trans en 2S% 13-cis retinal aanwezig 
is. Uitgaande van 9-cis, ontstaat 9,13-di-cis in evenwicht met 9-
cis, geheel in overeenstemming met het voorgestelde model. 
Met betrekking tot de afbraakverschijnselen tasten wij nog in 
het duister. Er zijn geen spectroscopisch detecteerbare Produkten, 
zodat een totale verstoring van het n-electronensysteem aannemelijk 
lijkt. 
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STELLINGEN 
I 
Bij het presenteren van gegevens omtrent de extractie van retinal 
uit biologische preparaten moet en de stereospecificiteit en de 
opbrengst van de methode vermeld worden. 
Pilkiewiaa, E.G., Pettei, M.J., Xudd, A.P. en Nakanieki, K. (1977) 
Exp. Eye Ree. 24, 421-423. 
II 
Het is onwaarschijnlijk dat retinal in.vivo vrij voorkomt. 
Dit proefschrifti Hoofdstuk V. 
III 
Bij het bestuderen van profylactische en therapeutische effecten 
van vitamine A-achtige verbindingen (retinolden) wordt nog te wei­
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